Louisiana State University

LSU Digital Commons
LSU Historical Dissertations and Theses

Graduate School

1999

Development of Efficient Rice DNA Transformation Methods and
Rapid Evaluation of Transgenic Lines.
Junda Jiang
Louisiana State University and Agricultural & Mechanical College

Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses

Recommended Citation
Jiang, Junda, "Development of Efficient Rice DNA Transformation Methods and Rapid Evaluation of
Transgenic Lines." (1999). LSU Historical Dissertations and Theses. 7095.
https://digitalcommons.lsu.edu/gradschool_disstheses/7095

This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It
has been accepted for inclusion in LSU Historical Dissertations and Theses by an authorized administrator of LSU
Digital Commons. For more information, please contact gradetd@lsu.edu.

INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.
The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bteedth rough, substandard margins, and improper
alignment can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overlaps.
Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9” black and white
photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

Bell & Howell Information and Learning
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

DEVELOPMENT OF EFFICIENT RICE DNA TRANSFORMATION METHODS
AND RAPID FIELD EVALUATION OF TRANSGENIC LINES

A Dissertation
Submitted to the Graduate Faculty o f the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment o f the
requirements for the degree o f
Doctor o f Philosophy
in
The Department o f Agronomy

by
Junda Jiang
B. S., Zhejiang Agricultural University, China, 1987
M. S., Zhejiang Agricultural University, China, 1990
December 1999

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

UMI N um ber 9960066

___

($

UMI
UMI Microform 9960066
Copyright 2000 by Bell & Howell Information and Learning Company.
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

Bell & Howell Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

DEDICATION
To my father Minghui Jiang and my mother Linwen He, a typical couple o f rice
farmers in China.

ii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ACKNOWLEDGMENTS
It is an amazing grace that I have been allowed since the Fall 1995 to come to
America to study, work, live, and foremostly learn to believe in God, here far away from
my home country China. I dreamed o f studying abroad for a Ph.D. degree as early as 15
years ago when I was still a sophomore in China, but I had never thought o f it coming
true until I entered LSU, with the recommendation o f Dr. Qiren Chu, my former
supervisor in China and currently also serving as one o f my committee members. Never
to mention that I had ever thought o f believing in God, blinded in the past. I can not help
first o f all praising: “Thank you, Lord, for everything you have done for me and my
family, for giving your guidance and protection during the toughest time of my life, and
for giving me strength, perseverance, and enthusiasm in accomplishing this big task and
as well as challenges in daily life. You are the origin o f life, love, and help I am
experiencing”.
I sincerely thank my two co-major professors Dr. James H. Oard and Dr. Steve D.
Linscombe for their great support, advice, encouragement, and understanding throughout
this study at the Louisiana State University A&M College and the LSU Agricultural
Center. Without their thoughtful arrangements, instructions, and help in the laboratory
and in the field, it would be impossible for me to complete any portion o f this study. I
gratefully appreciate my dissertation committee members, Dr. James L. Griffin, Dr.
Stephen A. Harrison, Dr. Donald E. Groth, and Dr. Qiren Chu for their constructive
advice, critical readings, and support that made my work significantly better. M y thanks

iii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

are also extended to Dr. Joseph Woodring for his acting as the Dean’s representative in
assistance and supervision o f progress o f my graduate program.
I am especially indebted to Dr. Qiren Chu for his advice, encouragement, and
considerable assistance in my academic career including his recommendation and help
that made possible my enrollment at Louisiana State University, his unreservedly
teaching me o f rice anther culture technique with his superior expertise in the rice
biotechnology lab o f the LSU Rice Research Station at Crowley, and his generously
providing me with several rice cell lines used as a portion o f experimental materials in
this study.
I am greatly thankful to Dr. Joseph A. Musick, the Resident Director o f the LSU
Rice Research Station at Crowley, for his offering me a Graduate Research Assistantship
from August 1995 to February 1998, and Dr. Freddie A. Martin, the Head o f the LSU
Agronomy Department, for his offering me a position as Research Associate Specialist
since March 1998. These opportune help enabled me to pursue the Ph.D. degree and
continue to join the LSU Agricultural Center during this period o f time.
The author wants to express his sincere gratitude to Agronomy faulty Dr. Bradley
C. Venuto, Dr. Scott B. Milligan, Dr. Manjit S. Kang, Dr. Gerald O. Myers, and Dr. Paul
Bell for giving many helpful suggestions on his work during the preparation and progress
o f this dissertation. The author also appreciates Dr. Norimoto Murai o f the LSU Plant
Pathology and Crop Physiology Department for his gift o f plasmid pTRAl 51 and his
suggestions on this study, Dr. Eric Achberger o f the LSU Biological Sciences for his
helpful discussion on construction o f the plasmid pPAT63.
iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The author is thankful to the supporting staff o f this department, especially Ms.
Connie Rozarto, for their kindest assistance during his graduate study. The author
acknowledges that the former Agronomy technician Timothy Pepenburg, undergraduate
students Dorsey Johns, Curt Riche, and student worker Delroy Armstrong provided
excellent technical assistance in the laboratory, greenhouse, and field experiments and
data collection. Ms. Cindy Henk, a Research Associate o f Biological Sciences helped him
a lot in using dissecting microscopy, taking photographs, and developing films.
The author is grateful to his friends and colleagues, Indira Ratnayaka, Jianlin
Wang, Yiming Jiang, Marsha N. Samuels, Chism Craig, Chris Wildman, Alan Shadow,
Alicia Ryan, Fabian Capdevielle, Gabriel Aluka, Shaomian Yao, Huangjun Lu, and many
more for their cheerful discussions, help, and friendships during his graduate career. My
deepest thanks finally go to my wife Ying Chen for her understanding, sacrifice, help,
encouragement, and caring love throughout all my endeavors. To her I am forever
indebted.
The author acknowledges the contributions o f the graduate school editor, Mrs. S.
C. Dixon, for her help in the final revision o f this manuscript.
This dissertation research was supported by the Louisiana Agricultural
Experimental Station and the Louisiana Rice Research Board.

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TABLE OF CONTENTS
D E D IC A T IO N ...........................................................................................................................ii
ACKNOW LEDGM ENTS..................................................................................................... iii
LIST OF TABLES .................................................................................................................... x
LIST OF FIG U R E S .................................................................................................................. xii
A B S T R A C T ......................................................................................................................... xiii
INTRODUCTION ...............................................................

1

CHAPTER 1. REVIEW OF LITE R A T U R E .......................................................................... 8
1.1
Genetic Transformation o f Major Agronomic C ro p s ......................................8
1.1.1 Agrobacterium-mediated transform ation............................................8
1.1.2 Protoplast-mediated transform ation...................................................15
1.1.3 Particle bombardment tech n o lo g y ..................................................... 16
1.2
Engineering Herbicide Resistance in P la n ts ...................................................23
1.2.1 Altering the level and sensitivity o f target enzymes o f
herbicides............................................................................................24
1.2.2 Transferring herbicide-detoxifying g e n e s ..........................................24
1.2.2.1. Herbicide-detoxifying genes from plants ......................... 25
1.2.2.2. Herbicide-detoxifying genes from bacteria .......................25
1.2.3 Conclusions ........................................................................................ 28
CHAPTER 2. HIGH EFFICIENCY TRANSFORMATION OF U.S. RICE LINES
FROM MATURE SEED-DERIVED CALLI AND SEGREGATION OF
GLUFOSINATE RESISTANCE UNDER FIELD CONDITIONS .....................30
2.1
Introduction ...................................................................................................... 30
2.2
Materials and M ethods.................................................................................... 33
2.2.1 Plant materials and in vitro callus production ............................ 33
2.2.2 Plasmids used and constructed for bombardment stu d ie s
33
2.2.3 Particle bom bardm ent.........................................................................34
2.2.4 GUS assays...................................................................................... 34
2.2.5 Selection of transformants and regeneration o f putative
transgenic p la n ts................................................................................. 37
2.2.6 Glufosinate herbicide application in the greenhouse................... 37
2.2.7 Southern hybridization analysis .......................................................38
2.2.8 Germination test o f mature R1 s e e d s ............................................ 38
2.2.9 Segregation of glufosinate resistance in R1 and R2 progeny . . 39

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

2.3

Results and D iscussion....................................................................................39
2.3.1 Preparation o f embryogenic calli from mature seed
embryos for transformation and regeneration................................ 39
2.3.2 Transient expression and optimization o f transform ation
41
2.3.3 Selection o f stable transformants using hygromycin and
bialaphos........................................................................................... 43
2.3.4 Production o f fertile transgenic rice plants with glufosinate
resistance ........................................................................................... 47
2.3.5 Southern blot analysis o f the p a t gene in RO and R1
glufosinate resistant plants............................................................... 50
2.3.6 Southern blot hybridization analysis for presence o f the hph
selection marker gene in RO and R l glufosinate resistant
plants .................................................................................................. 52
2.3.7 Germination test of mature seeds o f R l Generation .................... 54
2.3.8 Segregation and field evaluation o f glufosinate resistance
in R l and R2 progeny ......................................................................54
2.3.9 Recovery o f homozygous glufosinate resistant lines in
R2 progeny ......................................................................................... 59
2.3.10 Abnormal transgenic lin e s .................................................................60

CHAPTER 3. HIGH EFFICIENCY TRANSFORMATION OF ELITE U.S. RICE
LINES MEDIATED BY AGROBACTERIUM AND FIELD EVALUATION
OF TRANSGENIC LINES
.............................................................................62
3.1
Introduction
...............................................................................................62
3.2
Materials and M eth o d s.................................................................................. 64
3.2.1 Plant material and in vitro callus p ro d u c tio n .................................64
3.2.1.1 Rice genotypes and culture m e d ia .................................... 64
3.2.1.2 Calli and suspension cultures derived form scutella . . . . 64
3.2.1.3 Calli and suspension cultures derived from anthers . . . . 66
3.2.2 Agrobacterium strain and plasmid ................................................ 67
3.2.3 Agrobacterium virulence induction and co-cultivation
with plant tissues .............................................................................. 67
3.2.4 Selection and regeneration o f transformed cells .......................... 68
3.2.5 Confirmation o f stable transformants w ith GUS assay ............... 69
3.2.6 Germination test of R l progeny for hygromycin resistance . . .
69
3.2.7 Germination test of R2 progeny for hygromycin resistance and
GUS expression .................................................................................69
3.2.8 Analysis o f major agronomic traits o f field-grown R2 progeny . 70
3.2.9 Southern hybridization analysis..................................................... 70
3.3
Results and D iscussion.................................................................................. 71
3.3.1 Production of hygromycin-resistant, GUS-expressing
plants from scutellum-derived calli inoculated with
A . tumefaciensLBA.4404 (pTOK233) .......................................... 71
vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3.3.2

3.3.3

3.3.4
3.3.5
3.3.6

3.3.7

Production o f hygromycin-resistant, GUS-expressing
plants from anther-derived calli inoculated with
A . tumefaciens LBA4404 (pTOK233) ........................................ 74
Factors influencing the efficient transformation o f
scutellum calli ...................................................................................76
3.3.3.1 Cell age and target s i z e .................................................... 76
3.3.3.2 Composition o f medium for Agrobacterium growth
and the density o f inoculum ............................................... 78
Characterization of transgenic plants in RO and R l generations 79
Southern blot hybridization analysis ............................................... 80
Inheritance o f the hph and GUS gene ........................................ 81
3.3.6.1 Segregation o f hygromycin resistance in R l and
R2 generations ......................................................................81
3.3.6.2 Gene silencing in R2 progeny o f the transgenic
Une 804-2 ............................................................................ 83
Field evaluation of transgenic rice plants in the R2 generation .8 5

CHAPTER 4. PRODUCTION OF GLUFOSINATE-RESISTANT RICE VIA
PARTICLE BOMBARDMENT OF HAPLOID, ANTHER-DERIVED
CALLI AND CELL SUSPENSIONS ......................................................................87
4.1
Introduction .................................................................................................... 87
4.2
Materials and Methods .................................................................................. 88
4.2.1. Rice genotypes and culture m e d ia ............................................... 88
4.2.2 Calli and suspension cultures derived from anthers ......................89
4.2.3 Plasmid used for bom bardm ent........................................................ 90
4.2.4 Optimization o f particle bombardment .......................................... 90
4.2.5 Osmotic treatment o f cell suspensions .......................................... 91
4.2.6 Selection and regeneration o f transformants ................................. 92
4.2.7 Glufosinate application to RO plants in the greenhouse ............... 92
4.2.8 Glufosinate application to R l progeny in the greenhouse
92
4.2.9 Southern hybridization analysis ......................................................93
4.3
Results and Discussion .................................................................................. 93
4.3.1 Preparation o f embryogenic calli and cell suspensions from
anther cultures ...................................................................................93
4.3.2 Bombardment o f calli and cell suspensions and selection o f
transformed cells ...............................................................................95
4.3
.3
Osmotic enhancement o f stable transformation o f rice cell
suspensions..................................................................................... 96
4.3.4 Effect o f bombardment distance on stable transformation o f
cell suspensions .................................................................................99
4.3.5 Effect o f cell age on stable transformation and recovery o f
transgenic plants ............................................................................. 100
4.3.6 Glufosinate resistance and phenotype o f R0 transgenic plants . 101

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4.3.7
4.3.8

Southern blot hybridization analysis o f RO plants for the
pat gene ...........................................................................................102
Segregation o f glufosinate resistance in R l p la n ts .................. 102

CHAPTER 5. SUMMARY AND CONCLUSIONS ......................................................... 104
R E FE R E N C E S........................................................................................................................107
VITA ........................................................................................................................................ 130

ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OF TABLES
1.1

Historical developments in rice transform ation............................................................ 3

1.1

Examples o f transgenic crop cultivars released commercially or
under field t e s t s ..............................................................................................................9

2.1

Composition o f media for rice tissue culture and transformation
experiments in this study ............................................................................................35

2.2

Transformation efficiency o f glufosinate resistant lines o f LA9502065
using hygromycin B or bialaphos as a selection a g e n t ........................................

44

2.3

Number o f calli bombarded, hygromycin- or bialaphos-resistant calli, and
glufosinate-resistant plants for six transgenic elite U.S. rice breeding lines . . . . 48

2.4

Segregation o f glufosinate resistance in R l and R2 transgenic Cocodrie
derived lines, A01-G06, 1998, Rice Research Station, Crowley, LA; 1999,
Lajas, Puerto R i c o .......................................................................................................56

2.5

Segregation o f glufosinate resistance in R l and R2 transgenic Cocodrie
derived lines 617-1, 617-2, 617-6, 617-8, 618-1, 703-3, and 703-4, 1998,
Rice Research Station, Crowley, LA; 1999, Lajas, Puerto Rico .........................57

2.6

Segregation o f glufosinate resistance in R l and R2 transgenic LA9502065
derived lines 102, K07, L01, L02, L03, L04, L05, L08, and LI 1, 1998, Rice
Research Station, Crowley, LA; 1999, Lajas, Puerto Rico ....................................58

3.1

Composition o f media for tissue culture and transformation in this study . . . .

3.2

Number o f calli inoculated, calli transformed by Agrobacterium
tumefacierts LBA4404 (pTOK233), and plants regenerated with HygR
and GUS expression .................................................................................................. 75

3 .3

Effect o f cell age and calli size on transformation efficiency (LA9502065) . . . . 77

3.4

Effect o f culture medium o f Agrobacterium and the density o f inoculum on
transformation frequency o f rice scutellum-derived calli (LA9502065)

3.5

65

79

Segregation for hygromycin resistance in R l and R2 transgenic
LA9502065 lines and GUS expression in HgyR progeny ......................................82

x

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3.6

Silencing o f hygromycin-resistance gene (hph) expression in R2
progeny o f the transgenic line 804-2derived from LA9502065 .......................... 84

3 .7

Mean values for height, tillers per plant, panicle length, spikelets per
panicle, and fecundity for wild-type and 16 transgenic lines derived
from Agrobacterium transformation, June 24-September 3, 1999,
Rice Research Station, Crowley, LA ........................................................................ 85

4 .1

Composition of media for rice anther culture and transformation in thisstudy . . 89

4.2

Effect o f medium on callus induction from a n th e rs...................................................94

4.3

Effect o f osmotic treatment on stable transformation o f rice anther-derived
cell suspensions via particle bombardment (L A 9502065)..................................... 98

4.4

Effect o f bombardment distance on stable transformation o f rice antherderived cell suspensions.............................................................................................. 99

4.5

Effect o f cell age on stable transformation and recovery o f transgenic
plants (LA9502065)................................................................................................. 100

4.6

Progeny segregation for glufosinate resistance of 9 primary fertile
transgenic plants ........................................................................................................103

xi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OF FIGURES
2.1

Schematic representation o f plasmid constructs used in this study............................ 36

2.2

Preparation o f embryogenic calli from mature seeds o f rice cultivar
Cocodrie for transform ation..................................................................................

41

2.3

GUS gene expression in embryogenic calli 2 days after bombardment with
plasmid pAHC25 ........................................................................................................42

2.4

Production and greenhouse tests o f transgenic rice plants for glufosinate
herbicide resistance ..................................................................................................... 45

2.5

Transgenic RO rice plants o f Cocodrie grown to maturity in the greenhouse . . . 49

2.6

Southern blot analysis o f the pat gene in RO and R l transgenic plants o f
Cocodrie ........................................................................................................................51

2.7

Southern blot analysis o f the hph gene in RO and R l transgenic plants o f
Cocodrie ........................................................................................................................53

2.8

Segregation o f glufosinate resistance in R l progeny from selfed RO seeds
at the Rice Research Station, Crowley, LA, 1998 ................................................ 55

2.9

Stable, elite transgenic rice lines (R2) were recovered and grown to
maturity at the Rice Research Station, Crowley, LA, 1998 ................................ 60

3.1

T-DNA region o f pTOK233

3.2

Proliferation o f hygromycin-resistant, GUS-expressing calli on the CI-CH50
selection medium before (a) and after (b) GUS a s s a y ..............................................72

3.3

GUS expression in leaf and root segments o f a transgenic RO plant derived
from LA9502065 transformed by Agrobacterium tumefaciens LBA4404 . . . . 73

3.4

GUS expression in hygromycin-sensitive seeds o f R2 progeny o f
Line 804-2 derived from LA9502065 transformed by Agrobacterium
tum efaciens LBA4404 (pTOK233), indicating preferential silencing o f
the hph gene expression .............................................................................................83

.................................................................................... 67

xii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ABSTRACT
A rapid and efficient method was developed for production and field evaluation o f
transgenic herbicide resistant elite U.S. rice (Oryza sativa L.) lines and cultivars. Six elite
U.S. rice lines, including the cultivar Cocodrie, were transformed for glufosinate
(phosphinothricin) herbicide resistance by particle bombardment o f mature seed-derived
embryogenic calli with a synthetic pat gene or the bar gene from Streptomyces
hygroscopicus. By utilizing optimized media for embryogenic callus induction and
bialaphos or hygromycin B as a selection agent, 258 independent transformed calli,
producing 1268 transgenic plants, were recovered from 5201 bombarded calli.
Transformation efficiency ranged from 5% for breeding line LA9502065 to 100% for
Cocodrie, with an average across 6 lines o f 24 % (1268 plants/5201 calli). Southern blot
analysis o f genomic D N A isolated from primary RO and R l progeny plants demonstrated
that the p a t and hph genes were stably integrated into the rice genome. Glufosinate
resistance in RO primary transgenic plants and R1-R4 progeny was confirmed in the
greenhouse and under field conditions within two years. Both Mendelian and nonMendelian patterns o f gene segregation for herbicide resistance were observed.
Homozygous transgenic lines o f Cocodrie and LA9502065 that exhibited desirable
agronomic traits were recovered but abnormal phenotypes were also observed in R2
progeny and further confirmed in R3-R4 progeny. The high efficiency and reproducibility
of the improved transformation system should make it possible to routinely introduce
genes o f interest into any elite U.S. rice breeding line.

xm
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An alternative efficient rice transformation procedure was established by using
Agrobacterium tum efaciens strain LBA4404 (pTOK233) and scutellum- or antherderived calli of two U.S. elite rice lines, LA9502065 and Cocodrie. In a preliminary field
trial o f transgenic lines, a majority o f R2 progeny exhibited normal agronomic traits and
less morphological variation than those produced from bombardment experiments,
indicating Agrobacterium could be utilized for introduction o f useful genes into rice.
Transgenic rice plants w ere produced from haploid anther-derived calli or cell
suspensions via particle bombardment or Agrobacterium. Problems o f albinism and
sterility o f transgenic plants should be addressed in future studies to utilize the potential
advantages o f anther culture for rice transformation.
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INTRODUCTION
Rice (Oryza sativa L.) is one o f the most important cereal crops in the world and
is the staple food for approximately 3 billion people, predominately in developing
countries (Toenniessen, 1996). There are two cultivated species o f rice, O. sativa and O.
glaberrima. O sativa, the Asian rice, is cultivated worldwide, while O. glaberrim a, the
African rice, is grown on a limited scale in West Africa (Khush, 1997). The varietal types
o f O. sativa are generally classified into indica, tropical and temperate japonica. O f these,
indica contributes approximately 80% o f the cultivated rice and is often thought o f as
tropical long-grain rice (Swaminathan, 1982). In contrast, temperate japonica rice tends
to have short or round grains and is adapted to temperate climates. The tropical japonica
cultivars, often called ‘javatiica’1, are commercially grown in the Southern U.S. The
tropical japonica rice tends to have long grains and a morphologically distinct phenotype
that was originally classified as part of the indica subspecies.
Rice is also important as a model plant for studies of genome and the regulation of
monocot gene expression similar to Arabidopsis in dicots (Izawa and Shimamoto, 1996).
Rice is a simple diploid (2n=24) and has a relatively small genome (4.3 megabases), onetenth o f the size o f the human genome and three times that of Arabidopsis thaliana. A
better understanding o f the genetics and the biology o f rice can therefore help to improve
other cereal crops (Shimamoto, 1995).
Rice improvement through conventional breeding methods has been met with
considerable success. Because of consistent efforts by plant breeders, rice production has
doubled between 1966 and 1990, but it must increase another 60% by 2025 to feed the
I

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

additional rice consumers (Khush, 1997). New developments in two areas o f rice
molecular biology, namely genome analysis and genetic transformation, have potential to
greatly influence future improvement o f this important crop (Shimamoto, 1995). This
research is intended to supplement the conventional breeding programs aimed at rice
improvement by way of providing a breeding line having the desired traits, such as
resistance against disease, insects, herbicides, salinity, drought, and improvement o f the
nutritional quality o f rice (Toenniessen, 1995). The first transgenic rice plants were
reported in 1988 by three independent groups utilizing protoplasts and electroporation or
PEG-inducing methods (Toriyama et al., 1988; Zhang et al., 1988; Zhang and Wu, 1988).
Since that time, tremendous progress has been made in this field as reflected by
accumulating reports of rice transformation (see Ayers and Park, 1994; Tyagi et al.,
1999). Table 1.1 illustrates, in chronological order, milestones on achieving and
evaluating transgenic rice in the past decade. In terms of methodology development,
transgenic rice plants have been produced by protoplast transformation, particle
bombardment (Christou et al., 1991), and Agrobacterium (Hiei et al., 1994) which was
thought impossible several years ago. The first field test of transgenic rice exhibiting an
agronomic trait o f interest was reported by Oard et al. (1996). In terms o f application o f
rice transformation systems for crop improvement, transgenic rice plants with valued
agronomic traits, such as resistance to the glufosinate herbicide (Cao et al., 1992;
Christou et al.,1991; Datta et al., 1992; Oard et al., 1996), the sheath blight pathogen,
Rhizoctonia solcmi (Datta et al., 1999; Lin et al., 1995), the bacterial blight pathogen,
Xanlhomonas oryzae pv. oryzae race 6 (Song et al., 1995; Tu et al., 1998; Tang et al.,
2
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Table 1.1. Historical developments in rice transformation.
Result

Target cells or
tissues

Gene transfer
method

Reference

Transient activity

Protoplasts

PEG

O u-L eeetal., 1986

Stable callus-japonica

Protoplasts

PEG

Uchimiya et al.,
1986

First transgenic
japonica rice

Protoplasts

Electroporation

Toriyama et al.,
1988

Protoplasts

Electroporation

Zhang et al., 1988

Protoplasts

PEG

Zhang and Wu,
1988

Protoplasts

PEG

Datta et al., 1990

Particle
bombardment

Christou et al., 1991

First transgenic indica
rice
Variety-independent
method

Immature
• embryos

Agrobacterium
transformation

Scutullumderived calli

Agrobacterium

Hiei et al., 1994

First successful field
trial with a useful gene
(herbicide resistance)

Immature
embryos

Particle
bombardment

Oard et al., 1996

1999), rice dw arf virus (Zheng et al., 1997), rice tungro bacilliform or spherical virus
(Kloti et al., 1999; Sivamani et al., 1999), rice yellow mottle virus (Pinto et al., 1999),
nematode (M eloidogyne incognita) (Vain et al., 1998), pink stem borer (Sesamia
inferens), stripped stem borer (Chilo suppressalis), leaf folder (Cnaphalocrocis
medinalis), yellow stem borer (Scirpophaga incertulas) (Cheng et al., 1998; Datta et al.,
1998; Duan et al., 1996; Fujimoto et al., 1993; Maqbool et al., 1998; Nayak et al., 1997;
Tang et al., 1999; W u et al., 1997; ), tolerance to water deficit and salt stress (Xu et al.,
1996), chilling tolerance o f photosynthesis (Yokoi et al., 1998), and exhibiting C4
3
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photosynthesis (Ku et al., 1999) have been reported. However, it should be noted that
though transgenic rice plants were firstly produced by protoplast transformation systems,
with DNA uptake mediated by electroporation or polyethylene glycol (PEG) treatment
(Datta et al., 1990, 1992; Fujimoto et al., 1993; Hayashimoto et al.,1990; Rathore et al.,
1993; Shimamoto et al., 1989; Toriyama et al., 1988; Zhang and Wu, 1988), the method
suffers from many limitations and is often restricted to certain japonica genotypes in
which the regeneration system from protoplasts is well established. Rice protoplast
isolation is often restricted to embryogenic cell suspensions. It is very difficult to initiate
and maintain these cultures and the regeneration capacity o f these cultures has been
shown to decline gradually with increasing age of the cultures. (Jahne et al., 1995).
Furthermore, plant regeneration from protoplasts is labor-intensive, inefficient, time
consuming, and is strongly genotype-dependent. The biolistic method (particle
bombardment) has emerged as a simple and promising alternative for elite rice
transformation (Christou et al., 1991, 1992, 1995). The method is based on high-velocity
bombardment of plant cells with DNA-coated microprojectiles (tungsten or gold)
accelerated by gun powder discharge or pressurized helium or electronic current. The
method is claimed to be genotype independent with the use o f immature embryos as
target tissues (Christou, 1995, 1997; Datta et al., 1998). However, variable transformation
efficiency has been reported by different workers (Christou et al., 1991; Cooley et al.,
1995; Li et al., 1993). Preparation o f a large quantity of immature embryos is laborintensive and is environmental- and season-dependent, which makes year-round
transformation impossible. Therefore, establishment o f an efficient bombardment4
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mediated transformation with other types of target tissues is warranted. More recently,
fertile japonica rice was produced by Agrobacterium-mediated transformation o f callus
tissues from the scutella o f mature embryos (Hiei et al., 1994). This pioneering work
represents a major breakthrough in rice biotechnology. Monocots, including rice, are
thought to be a poor host for Agrobacterium infection. The Agrobacterium approach has
advantages o f precise transfer of transgenes o f relatively large size and does not require
specific equipment. Although several laboratories have reproduced results of Hiei et al. in
indica, japonica, and javanica varieties (Aldemita and Hodges, 1996; Cheng et al., 1998;
Dong et al., 1996; Rashid et al., 1996), the protocol is not yet routine and needs to be
expanded to more genotypes including elite rice cultivars. In addition, no data are
available to date o f field performance o f transgenic rice produced by Agrobacterium.
Rice is an important crop in Louisiana, both historically and economically.
Disease, insect, and weeds are the primary factors influencing rice production. Recently,
developing herbicide resistance in cultivated rice has become an important breeding
objective for weed control. One of the major weeds in the southern United States
including Louisiana is red rice (Oryza sativa). The red rice kernel has a red pericarp and
is a noxious contaminant of rice during milling. Red rice competes with white rice by
growing tall, and reseeds itself by early shattering o f the grains from the panicle. Red rice
seeds can be dormant and remain in the soil for many years before germination. It cannot
be controlled in commercial rice fields by currently available, broad-spectrum, herbicides
(McKenzie et al., 1987). Genetic transformation o f rice for herbicide resistance in rice
(Cao et al., 1992; Christou et al., 1991, 1992; Datta et al. 1992), and the first field tests o f
5
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transgenic rice lines with a herbicide-resistant bar gene (Oard et al., 1996) conducted at
the Rice Research Station at Crowley, has demonstrated tremendous potential in
controlling weed problems.
Toward a long-term goal o f applying gene transfer technology to enhance the rice
breeding program, substantial efforts on genetic transformation o f rice have been made in
Louisiana (Hayashimoto et al., 1990; Li et al., 1990, 1992). However, PEG-mediated
protoplast transformation system was mostly limited to japonica rice cv. Taipei 309 and
Nipponbare (Hayashimoto et al., 1990; Li et al., 1990). Even in the case o f the transgenic
U.S. cultivar Labelle, the foreign gene transferred was a hygromycin-resistant gene (Li et
al., 1992). Like the majority o f rice cultivars in the U.S., elite Louisiana rice lines mostly
belong to tropical japonica subspecies. According to our preliminary experiments, the
regeneration capacity o f Cypress, a typical U.S. elite long-grain cultivar, from explants
such as mature embryo and immature embryo-derived calli was very low, compared to the
japonica cultivar Taipei 309. Immature embryos have been previously used to produce
transgenic rice by particle bombardment (Christou et al., 1991; Oard et al., 1996), but
their production is labor extensive and dependent on favorable growing conditions in the
field or greenhouse. The lack o f efficient regeneration methods for tropical japonica rice
has hindered the general use o f transformation technology in Louisiana rice improvement.
The objectives o f the present study are: 1) to develop a routine and efficient
transformation system for elite U.S. rice lines by particle bombardment o f mature seedderived calli, independent o f season and environment; 2) to produce a large number o f
elite glufosinate-resistant transgenic lines and study segregation o f glufosinate resistance
6
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and expression o f transgenes under field conditions; 3) to develop transgenic rice plants
from elite U.S. rice lines via Agrobacterium-mediated transformation and evaluate major
agronomic traits o f their progeny under field conditions; and 4) to evaluate competence o f
haploid, anther-derived calli and cell suspensions for both particle bombardment and
Agrobacterium-mediated transformation and establish a novel, rapid rice transformation
system.

7
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CHAPTER 1. REVIEW OF LITERATURE
1.1 Genetic Transformation of Major Agronomic Crops
The first transgenic plants capable o f Mendelian transmission of introduced genes
were produced more than 15 years ago (Fraley et al., 1983; Herrera-Estrella et al., 1983;
Otten et al., 1981). Since then, numerous plants have been engineered to contain genes
that enhance disease resistance and herbicide tolerance, delayed ripening, and altered
flower color, morphogenesis, or oil quality (Owens, 1995). In 1994 the first genetically
engineered major crop, bromoxynil-resistant (BXN) cotton (Gossypium hirsulum), was
deregulated by the U.S. Department o f Agriculture for commercial production. Shortly
thereafter, the first genetically engineered food product, the slow-ripening Flavr-Savr®
tomato (Lycopersicon esculentum), was similarly approved for marketing. Listed in
Table 1.1 are examples o f transgenic crop cultivars released commercially or under field
tests. These historic milestones foretell a future in which gene transfer will be used
increasingly for the introduction o f important agronomic traits into crops. These advances
were made possible with the development o f efficient gene delivery technology. This
review evaluates the three most commonly used DNA delivery methods: Agrobacteriummediated transformation, protoplast transformation, and particle bombardment, with an
emphasis on their role in the creation o f transgenic important agronomic crops,
particularly rice. Advantages and disadvantages o f each method are discussed.
1.1.1 Agrobacterium-mediated transformation
The era o f plant transformation was initiated by recognition that the soil bacterium
Agrobacterium tumefaciens may transfer a portion o f its DNA (T-DNA) to plants (Barton
8
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Table 1.1. Examples o f transgenic crop cultivars released commercially or under field
tests.
Trait

Crop

Name

Company

Product status

Quality (vine-riped
flavor, shelf life

Tomato

Flavr Savr

Calgene

Released 1994

Quality (vine-riped
flavor, shelf life

Tomato

Endless Summer

DNA Plant
Technology

Blocked for
patent claims

Oil characteristics

Canola

Laurical

Zeneca

Released 1995

Virus resistance

Tobacco
Tomato

-

China

Released 19931994

Virus resistance

Squash

Freedom II

Asgrow

Released 1995

Insect resistance

Cotton
Potato
Maize

Bollguard
NewLeaf
YieldGuard

Monsanto

Released 19961997

Insect resistance

Maize

Maximizer

Ciba Seeds

Released 1996

Herbicide resistance

Flax

Trffid

University of
Saskatchewan,
Canada

Released 1995

Herbicide resistance

Cotton

BXN

Calgene

Released 1994

Herbicide resistance

Canola
Com

Innovator
Liberty Link

AgrEvo

Released 19951996

Herbicide resistance

Soybean
Canola
Cotton

Roundup Ready

Monsanto

Released 19951996

Herbicide resistance

Soybean
Com

Roundup Ready
Liberty Link

Pioneer

Released 19961997

Male sterility hybrid
system

Canola

-

Plant Genetic
Systems

Approved 1996
(USDA, FDA)

Herbicide resistance

Rice

Liberty Link

AgrEvo

Field tested 1993

Herbicide resistance

Rice

Roundup Ready

Monsanto

Field tested, 1998

9
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et al., 1983; Caplan et al., 1983; Fraley et al., 1983; Herrera-Estrella et al., 1983). Initial
successes were limited to the Solanaceae, tobacco (N icotiana tobacum) in particular.
Currently a wide range o f dicot plants, many o f which are o f agronomic importance, such
as cotton, flax (Linum usitatissimum), soybean (Glycine max), tomato, and potato
(Solatium tubersum), have been successfully transformed using Agrobacterium (see
review by Lindsey, 1992). This technology has allowed the transfer of genes for
resistance to viruses (Abel et al., 1986; Cuozzo et al., 1988; Harrison et al., 1987; Lawson
et al., 1990; Nelson et al., 1988), herbicides (De Block et al., 1987, 1989; Droge et
al.,1992; Fillatti et al., 1987; Hoevan et al.,1994; Shah et al., 1986b; Wohllebaen et
al.,1988), insects (Fischhoff et al.,1987; Hidler et al., 1987; Perlak et al.,1990; Vacek et
al., 1987), and has also allowed the transfer o f genes that improved seed protein quality
(Altenbach et al., 1989; De Clercq et al., 1990).
Major advances contributing to the popularity o f Agrobacterium-based
transformation systems include: 1) the development o f disarmed strains where the
oncogenes, responsible for tumor formation, are deleted and replaced by other genes of
interest (Zambryshi et al., 1983); 2) the development o f binary vectors, in which the TDNA borders are located on a small, but wide-host range plasmid and the virulence
genes o f the Ti-plasmid are located on an independent plasmid and act in trans to affect
the excision o f the T-DNA from the vector plasmid. Virtually any DNA fragment s 150
kb in size can be transferred from the Ti plasmid o f Agrobacterium tumefaciens (or Ri
plasmid from A rhizogenes) as long as it is located between the T-DNA borders Ti/Ri
plasmids. These small plasmids can be easily manipulated in E. coli and Agrobacterium.
10
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As a result, disarmed strains carrying Ti plasmids with foreign DNA cloned in between
the T-DNA borders can be used to produce transgenic plants that differ from the wildtype plants only by the presence o f foreign DNA instead o f tumor formation.
Advantages of Agrobacterium-mediated gene transfer over other methods include
1) high efficiency of transformation; 2) transfer o f pieces o f DNA with defined ends; 3)
transfer o f relatively large segments o f DNA; 4) absence o f a requirement for protoplast
culture techniques; and finally, in contrast to direct DNA uptake, transfer of T-DNA and
its integration into the recipient genome involves only DNA sequences flanked by border
regions and is less subject to intra- and intermolecular rearrangements and usually results
in the insertion of a single unrearranged copy of genes o f interest (Klee et al., 1987;
Songstad et al., 1995). Therefore, this type o f gene transfer is normally the method o f
choice when more than one method is available.
An obvious limitation o f Agrobacterium was its relatively inability to transform
monocots, particularly cereals because of lack o f a wound response (Potrykus, 1990).
Although there have been a few publications describing Agrobacterium-mediated gene
delivery to moncotyledonous plants such as Asparagus officiallis (Bytebier et al., 1987),
G ladiolus (Graves & Goldman, 1987), maize (Zea mays) (Gould et al., 1991; Grimslay et
al., 1988; Schlappi and Hohn, 1992), wheat ( Triticum aestivum) (Hess et al., 1990;
Mooney et al., 1991), and rice ( Raineri et al., 1990), use o f Agrobacterium for routine
and reproducible monocot transformation was far from commonplace due to low
infection efficiency.

11
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The ability o f Agrobacterium to transform monocots has been the subject o f a
serious debate for some time (Potrykus, 1990), since these plants are not natural hosts of
this bacterium. Chan et al. (1993) first reported the production of fertile transgenic rice
plants from immature embryos infected with Agrobacterium in the presence o f potato
suspension cultures that was rich in the phenolic signal compound acetosyringone and
sinapinic acid. However, skepticism still prevailed over the effectiveness of
Agrobacterium as a suitable method of gene delivery in rice. This controversy was
resolved by a convincing report of Hiei et al.(1994) who achieved transformation in
japonica rice using various explants. A number of strains were constructed, namely,
LBA4404 (pTOK233), LBA4404 (pIG121Hm), EHA101 (pIG121Hm), and EHA101
(pTOK233). O f the various explants and strains tested, scutellum-derived calli were the
most suitable explants and LBA4404 (pTOK233) was found to be the most effective
strain. The authors mentioned several necessary requirements for successful
transformation such as the use of acetosyringone and a temperature of 22 °C to 28°C
during co-cultivation. Stable integration o f foreign DNA in rice chromosomes in a
process mediated by A. tumefaciens was clearly demonstrated, as well as Mendelian
transmission o f transgenes to the progeny. Vijayachandra et al. (1995) proved that rice
scutella and scutellum-derived calli could induce expression o f vir genes, but that
induction was greatly enhanced by acetosyringone. Following the report of Hiei et al.
(1994) and availability o f these stains worldwide, several laboratories have reproduced
their results in indica, japonica, as well as javanica rice (Aldemita and Hodges, 1996;
Cheng et al., 1998; Dong et al., 1996; Rashid et al., 1996; ). In addition, Toki (1997) has
12
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developed a new and efficient binary vector (pSMABuba) contained in EHA101 for rice
transformation. M ore significantly, Komari et al. (1996) designed several unique plasmid
that carry two separated T-DNA segments, one carrying the nonselectable marker gene
(gus) and the other carrying the selectable gene (hph), in the same plasmid leading to
generation o f marker-free transgenic plants. More recently, there have been unequivocal
reports o f stable transformation o f maize (Ishida et al., 1996), barley {Hordeurn vulgare)
(Tingay et al., 1997; Wu et al., 1998) and wheat (Cheng et al., 1997) via Agrobacterium.
These advances are important in at least three ways. First, cell culture and selection steps
using Agrobacterium are much simpler than protoplast transformation and the particle
bombardment approach. Second, the same transformation vector system can now be used
both for dicots such as Arabidopsis and tobacco and for monocots such as rice, wheat,
barley, and maize. Lastly, this method does not require any special equipment, such as a
costly biolistic system for particle bombardment. The well-known Japanese molecular
biologist Shimamoto stated that “This is particularly important for the progress o f rice
biotechnology in many rice-growing countries. This transformation method will likely
open up a new era for the genetic engineering of rice” (Shimamoto, 1995).
Various factors affect the ability o f Agrobacterium to transfer foreign genes to the
plant genome and must be optimized for successful transformation. They include the
nature and physiological state o f starting materials, virulence o f bacteria, and conditions
o f co-cultivation and tissue culture. The nature of plant tissues as starting materials
predetermines the susceptibility for bacterial infection and regeneration ability o f
transformed cells. For instance, o f different parts o f the rice plant, only rice scutella were
13
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found to have ability to induce the v/'r gene o f Agrobacterium (Vijayachandra et al., 1995).
Only calli induced from scutella and immature embryos were highly competent for
Agrobacterium transformation (Chan et al., 1993; Hiei et al., 1994). Pretreatment o f
tissues, for example, by preculturing, wounding or enzymatic digestion o f cell walls
(Mooney et al., 1991), was found efficient in enhancing transformation. The virulence of
Agrobacteria must be preinduced prior to co-cultivation. To obtain optimal vir induction,
particular conditions must be met: (1) the pH o f the medium must be between 5 and 6; (2)
the temperature must be between 20 °C and 30 °C; (3) the presence o f yeast extract must
be avoided; and (4) acetosyringone and a high sugar content must be present in the
medium (see review by Hooykaas and Schilperpprt, 1992). Important variables related to
co-cultivation also include the addition of acetosyringone to the medium and a
temperature between 22 °C and 28 °C. Acetosyringone (AS) is a phenolic compound
released by wounded cells from some o f dicotyledonous plants (Stachel et al., 1985). It
plays an important role in the natural infection o f plants by Agrobacterium as it activates
the virulence gene o f the Ti plasmid and initiates the transfer o f the T-DNA region into
plant genome. Acetosyringone has been shown to increase Ti transformation efficiency
(James et al., 1993; Joao and Brown, 1993; Sheikholeslam and Weeks, 1987).
Acetosyringone was absolutely required in transformation o f rice by Agrobacterium (Hiei
et al.,1994). In the presence o f AS, monosaccharide like D-glucose (Cangelosi et al.,
1990; Khan et al.,1994: Shimoda et al., 1990) and osmoprotectants like betaine or proline
(James et al., 1993; Vemade et al., 1988) can synergistically enhance Agrobacterium
transformation.
14
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1.1.2 Protoplast-mediated transformation
Direct DNA transfer, involving electroporation or chemical agents such as
polyethlene glycol (PEG), requires the use o f protoplasts. Both PEG and electroporationmediated transformation involve causing reversible permeabilization o f plasmic
membranes that enable exogenous macromolecules to move into protoplasts (Jones et al.,
1987; Krens et al., 1982; Zimmerman, 1986). Protoplasts, in principle, are ideal cells for
DNA delivery and selection o f transgenic events. Removal o f the cell wall eliminates a
major barrier to DNA delivery. Protoplast-derived cultures are generally clonal in origin
(Songstad et al., 1995). Unfortunately, most crops including cereals proved to be very
recalcitrant in regeneration from protoplasts, but through development o f embryogenic
suspension cultures as sources o f totipotent cells (Vasil 1987), first rice and then maize,
wheat, and other cereals have been regenerated from protoplasts with varying levels of
success (Abduldahl et al., 1986; Fujimura et al., 1985; Rhodes et al., 1988a; Shillito et
al.,1989). Almost at the same time the first transgenic rice (Toriyama et al., 1988;
Shimamoto et al., 1989; Zhang and Wu, 1988) and maize (Rhodes et al., 1988b) plants
were produced. But genotypic specificity still severely hinders transformation and
subsequent regeneration o f elite cultivars. For example, numerous reports o f transgenic
rice were limited to the japonica cv. Taipei 309. Most elite japonica as well as the vast
indica and tropical japonica cultivars are very difficult to regenerate from protoplasts.
Notable exceptions were described in the reports by Datta and his co-workers, which
described recovery o f fertile transgenic plants from cultivars Chinsurah Boro II (indica
type, Datta et al., 1990) and IR72 (Datta et al., 1992). More recently, transgenic rice
15
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plants with resistance to the sheath blight pathogen, Rhizoctonia solani, were produced
from Chinsurah Boro II using the protoplast transformation approach (Lin et al., 1995).
However, recent advances have seen the replacement of this approach by particle
bombardment.
1.1.3 Particle bombardment technology
Particle bombardment utilizes high velocity metal particles to deliver biologically
active DNA into plant cells. The technology was first reported by Klein et al. (1987). In
their experiments, transient expression o f exogenous RNA or DNA was demonstrated in
the bombarded epidermal cells of onion (Allium cepa). The concept o f particle
bombardment (also known as biolistics, microprojectile bombardment, particle
acceleration, etc.) has been described in detail by Sanford (1988). Following these
experiments, the technique was shown to be the most versatile and effective way for the
creation o f transgenic organisms including microorganisms, mammalian cells and a large
number of plant species (see review by Christou, 1995).
The ability to deliver foreign DNA into regenerable cells, tissues or organs,
appeared to be the best method for achieving truly genotype-independent transformation
in agronomic crops, bypassing Agrobacterium host-specificity and tissue culture-related
regeneration difficulties. Due to the physical nature o f the process, there is no biological
constraint to the actual DNA delivery; thus genotype may not be a limiting factor.
Combining the relative ease of DNA introduction into plant cells with efficient
regeneration protocol for immature embryos and meristems, Christou et al. (1990, 1991)

16
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established genotype-independent gene transfer methods using rice and soybean as model
systems for monocotyledonous and dicotyledonous crops.
Several advantages made particle bombardment the method o f choice for
engineering crop species: 1) the ability to transform organized and potentially regenerable
tissues, e.g., immature embryos for rice (Christou et al., 1991), meristems for cotton
(McCabe and Martinell, 1993) and soybean (Christou et al.,1990) which allows
introduction o f foreign genes into elite germplasm; 2) universal delivery system: transient
gene expression has been demonstrated in numerous tissues representing many different
species; 3) transformation of recalcitrant species: engineering o f important crops such as
soybean, cotton, maize, rice, etc., is restricted in a few non-commercial varieties when
conventional methods are used; particle bombardment technology allows recovery o f
transgenic plants from many commercial cultivars; 4) applicable to basic study of plant
development: by utilizing chromogenic markers, it is possible to study many complex
developmental processes(Christou, 1995).The disadvantages o f particle bombardment
include: 1) low consistency: the technology can be notorious for variability between
results o f consecutive bombardments under “identical” conditions; 2) the requirement o f
special equipment: a good system such as PDS/HelOOO Biolistic system is costly and
requires expensive gold powder as microprojectiles.
A number o f parameters have been identified and need to be considered carefully
in experiments using particle bombardment. The process involves a sequence o f physical,
chemical, and ballistic interactions involving DNA, high-velocity microprojectiles, and
living target tissue. The following four key physical or chemical factors affect
17
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transformation efficiency. 1) Microprojectile composition and size: the microprojectiles
must be available in a range o f defined size ~1 pm diameter and o f high density to
achieve the momentum required for cell wall penetration. Microprojectiles must be
chemically inert to prevent adverse reactions with DNA and toxicity to target cells.
Suitable metal particles include gold and tungsten particles, etc. 2) DNA attachment to
the microprojectiles: certain additives such as spermidine and calcium chloride proved
essential for proper coating o f metal particles with DNA (Klein et al., 1988). Recently,
variations including PEG precipitation and CaClj/spermidine co-precipitation followed
by an ethanol wash, has been used successfully (Christou et al., 1991; Ye et al., 1990).
Improper or inconsistent DNA precipitation technique is a major cause o f variation in
gene transfer frequency. The DNA and gold particle load rates also affect transformation
efficiency. 3) Microprojectile velocity: it is very important to deliver DNA into cells that
are competent for both transformation and regeneration. The depth o f penetration,
determined by the microprojectile velocity, thus becomes one o f the most important
variables. Therefore, it is necessary to alter microprojectile velocity for optimal
transformation rates with different tissue types, depending on cell wall thickness and the
need to penetrate several cell layers. The velocity can be generally controlled to some
degree by altering accelerating forces (i.e., gas pressure, electrical discharge energy, etc.),
the vacuum in the target chamber, and the distance traveled by the microprojectiles. 4)
The degree o f tissue damage: in cases in which the old-type Biolistic gun is used, cells
near the center o f the target are injured and cannot proliferate. This injury was attributed
to physical trauma o f the cells from the gas blast and acoustic shock generated by the
18
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device. The use o f baffles with mesh screens reduced cell death and increased
transformation frequency significantly (Gordon-Kamm et al., 1990; Russell et al., 1992a).
Vacuum treatment to maintain projectile velocity may also affect plant development.
Vacuum levels greater than 686 mm Hg are most effective to maintain velocity o f
particles around 1 pm in diameter (Klein et al., 1992). However, some plant tissues are
sensitive to vacuum treatment. For example, the development o f excised mature embryos
o f Phaseolus vulgaris cv. Sinatra is blocked after treatment with vacuum o f 691 mm Hg,
a level commonly used in particle bombardment. Also, increasing the number o f
bombardments increases the tissue damage, although multiple bombardments have
resulted in an increase of transient gene expression (Talyer & Vasil, 1991). Hence, it is
important to empirically determine the balance between excessive tissue damage and
increased DNA transfer.
The biological parameters that affect the process include: 1) the nature o f DNA:
there are no special requirements for the form of DNA to be transferred. Some reports
indicate increased transformation frequency when plasmid DNA is linearlized (Sautter et
al., 1991), but others found no difference between linearlized and supercoiled plasmid
(Klein et al., 1989). However, large plasmids (> 10 kb) may be more subject to
fragmentation during bombardment, resulting in low expression and co-transformation
frequency (Fitch et al., 1990; Mendel et al., 1989); 2) transgene construct: plant vectors
used for free DNA delivery typically consist o f an expression cassette that contains a
promoter region, transcription initiation site, and a portion of the 5' nontranslated leader
o f the promoter o f interest joined to a synthetic multilinker, followed by a
19
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polyadenylation signal. Promoter strength is critical in allowing high-level transcription
o f selected sequences in plant cells. Although the 35S promoter from cauliflower mosaic
virus (CaMV35S) has become the most widely used promoter in plant transformation, it
is not regarded as the optimal promoter for monocots (Morrish et al., 1993). A change
from CaMV 35S to a stronger monocot promoter, Emu, resulted in a 100-fold increase in
transient gene expression in sugarcane (Saccharum officinanim ) cell suspensions (Last et
al., 1991). Maize ubiquitin promoter (Ubil) directed significantly higher levels o f
transient gene expression in transgenic rice (Cornejo et al., 1993). Other promoters like
maize alcohol dehydrogenase 1 (Adhl) promoter, a rice actin promoter (Act 1) (McElroy
et al., 1990, and the rice ubiquitin promoter (Wang et al., unpublished) have also shown
to enhance gene expression. Tissue-specific promoters are important because they allow
targeting o f gene expression to sites where genes are required. For example, a wheat
glutenin promoter directed the endosperm-specific expression of high molecular weight
glutenin (Thomas and Flavel, 1990). 3) target tissue characteristics: organized tissue with
thicker cell walls require higher particle velocities for penetration than thin-walled cells
from suspension culture. The frequency of expression o f introduced DNA can vary
dramatically between cell types. For example, all transiently expressing cells in
bombarded sugarcane callus occurred in densely cytoplasmic, embryogenic callus
regions, not in surrounding soft callus consisting o f more vacuolated cells (Franks and
Birch, 1991). Cells with large vacuoles may be more subject to damage by
microprojectiles. Microscopic examination indicates that DNA-coated particles lodging
in the nucleus have a transient expression frequency ~ 45 times higher than particles in
20
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the cytosol and over 900 times higher than particles in the vacuole (Yamashita et al.,
1991). Experiments performed with synchronized cultured cells indicates that
transformation frequency is influenced by cell cycle stage (Iida et al., 1991). Transient
expression frequencies declined sharply as wheat cell suspensions entered stationary
phase (Vasil et al., 1991). Actively growing, healthy cells with reduced vacuole volumes,
have been recommended for bombardment (Russell et al., 1992a). Osmotic treatment o f
target tissues significantly enhanced transformation efficiencies in tobacco (Russel et al.,
1992b), maize (Vain et al., 1993), and rice (Zhang et al., 1996). The mechanism o f
osmotic enhancement could include both reduced vacuole volume and reduced turgor,
which would alter cell penetrability by projectiles, and reduce cell damage by preventing
extrusion of the protoplasm from bombarded cells. Choice o f proper explants and preand post-bombardment culture conditions are factors that may determine whether
experiment utilizing bombardment are successful. Temperature, photoperiod and
humidity of environments under which donor plants, explants, and bombarded tissues are
cultured are also important variables. Because such factors have a direct effect on the
physiological state and receptiveness o f target tissues to foreign DNA (Christou, 1995).
Despite the fact that numerous parameters influence particle bombardmentmediated transformation, the development of the bombardment approach has allowed the
engineering o f almost all major crops, including formerly recalcitrant cereals, legumes
and woody species. Transgenic rice (Cao et al., 1992; Christou, 1991), wheat (Becker et
al., 1994; Vasil et al., 1992; Weeks et al., 1993), maize (Fromm et al., 1990; GordonKanun et al., 1990 ), barley (Wan and Lemaux, 1994), oat (Avena saliva) (Somers et al.,
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1992), sorghum (Sorgum bicolor) (Casa et al., 1993), soybean (McCabe et al., 1988),
sugarcane (Bower and Birch, 1992), sunflower (Helicmthus anrtuus) (Bidney et al., 1992),
canola (Brassica napus) (Chen and Beversdorf, 1994), poplar (Populus spp.) (Wilde et
al., 1992), spruce (Picea glauca) (Ellis et al., 1993), cotton (Finer and McMullen, 1990;
McCabe and Martinell, 1993) and others have been produced utilising particle
bombardment. More recently, many agronomically important genes have been introduced
in rice employing particle bombardment. These include those genes conferring resistance
to herbicides (Cao et al., 1992; Christou et al., 1991; Oard et al., 1996), viral diseases
(Kloti et al., 1999; Zheng et al., 1997), fungal or bacterial diseases (Datta et al., 1999;
Tang et al., 1999; Tu et al., 1998), insects (Duan et al., 1996; Nayak et al., 1997; Wu et al.,
1997), and tolerance to water deficit and salt stress (Xu et al., 1996).
Like other methods, the bombardment approach has its drawbacks. In some cases,
the copy number and rearrangement o f the introduced DNA is high, thereby rendering
transgene prone to gene silencing (Kumpatala et al., 1997) and genomic changes.
However, recent data do not support the fears about gene silencing and genetic integrity
(Arencibia et al., 1998). Kohli et al. (1998) maintained that transformation through direct
DNA transfer, specifically particle bombardment, generally results in a single transgenic
locus as a result o f a two-phase integration mechanism, thereby avoiding the problem of
segregation o f transgenes during breeding programs. Kohli et al. (1999) further observed
that an increase in transgene copy number did not always lead to a concomitant decrease
in expression levels or to silencing through co-suppression. They found transgenic lines
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with four to five copies o f integrated transgene expressed the protein product of
transgenes stably and at levels comparable to transformants with one or two copies. The
particle bombardment approach seems to be the most versatile and successful approach
for transformation o f cereal crops (see Christou, 1997). This will certainly be the case
until Agrobac(erium-media.ted transformation in monocots including rice, which has seen
some success in recent years, becomes routine and “super-virulent” Agrobacterium stains
harboring agronomically useful genes are constructed.
1.2 Engineering Herbicide Resistance in Plants
The use o f herbicides to reduce loss in crop yield due to weeds has become an
important component o f modem agriculture. An ideal herbicide should combine the
following properties: 1) control o f all plant species except for the crop o f interest; 2) high
activity; 3) environmentally friendly: safe for men and animals, no soil residue or
minimal persistence in soil. However, it is difficult to find a herbicide with all these
properties. M ost herbicides are designed to affect the photosynthetic process or inhibit
specific amino acid biosynthesis pathways in plants (La Rossa and Falco, 1984). Since
photosynthesis and the enzymes in amino acid biosynthesis that herbicides inhibit are
common to all plants, weeds as well as crop plants, most herbicides can not be sprayed
for post-emergence control. Development of herbicide resistance in crop plants using
genetic engineering was one of the first applications of transgenic technology to a
commercially important objective. Two main strategies have been followed to obtain
herbicide-resistant plants. 1) decreasing the sensitivity of the plant to the herbicide by
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overproduction o f target enzyme or by expression a modified target which is insensitive
to the herbicide but retaining enzymatic activity, and 2) providing a herbicidedetoxifying enzyme to plants.
1.2.1 Altering the level and sensitivity of target enzymes of herbicides
An example o f this approach is engineered resistance to glyphosate. Glyphosate
(marketed as Roundup®, by Monsanto) is a potent broad-spectrum non-selective
herbicide. It is an inhibitor o f 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), an
enzyme in the biosynthetic pathway o f three aromatic amino acids, phenylalanine,
tyrosine and tryptophan. The introduction o f mutant EPSPS genes, encoding a structurally
altered enzymes less sensitive to glyphosate (Comai et al., 1985; Fillatti et al., 1987) or
rendering the overproduction o f plant EPSPS (Shah et al., 1986b), conferred tolerance to
glyphosate in transgenic plants. The resistance to Roundup Ultra in Roundup Ready®
soybeans is the result o f expression of a transgene conferring CP4-EPSPS, a Rounduptolerant enzyme. Similarly, transgenic tobacco plants expressing mutant acetolactate
synthase (ALS) were found to be tolerant to sulphonylurea herbicide compounds (Haughn
et al., 1988; Lee et al., 1988).
1.2.2 Transferring herbicide-detoxifying genes
High levels o f resistance towards several herbicides were obtained with the
second approach, i.e. engineering o f a novel detoxification pathway in plants. Herbicidedetoxifying enzymes have been identified in several plant species and in microorganisms
and were exploited to engineer herbicide resistance in plants.
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1.2.2.1 Herbicide-detoxifying genes from plants
Little information is available on the molecular basis o f herbicide detoxification in
plants. Consequently, the development of a genetic engineering strategy based on plant
herbicide-detoxifying enzymes is slower than that o f microbial systems. Herbicidedetoxifying enzymes such as mixed function oxidase, amidase, decarboxylase and
conjugative systems have been identified in tolerant plants (Donn et al., 1984). Genes
encoding atrazine and alachlor detoxifying enzymes, glutathione-S-transferase (GSTs),
have been isolated from maize. However, the introduction and expression in other plants
has met little success (Shah et al., 1986a). Another class o f a conjugative enzyme is
represented by the N-glucosyl transferase present in metribuzin-tolerant tomato (Comai
and Stakler, 1986). Detoxication o f the herbicide is due to increased activity o f N-glucoyl
transferase. A third class o f plant enzyme is the mixed function oxidase, involved in the
detoxification o f 2,4-D in tolerant pea and of dicamba in tolerant barley (Comai and
Stakler, 1986).
1.2.2.2 Herbicide-detoxifying genes from bacteria
The introduction o f herbicide-detoxifying genes from bacteria into plants was an
successful strategy used in development o f resistance to three different herbicides:
bromoxynil, phosphinothricin (glufosinate), and 2,4-dichlorophenoxyacetic acid (2,4-D).
Bromoxynil (Buctril) is a potent inhibitor of photosystem II with good activity in
dicotyledonous plants. The biochemical target o f bromoxynil is known to be located in
the chloroplast. Transgenic tobacco plants resistant to high doses o f a commercial
formulation o f bromoxynil were generated by transformation o f a gene from Klebsiella
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ozaenae (fixri), which encodes a specific nitrilase that converts the cyano moiety o f
bromoxynil to the non-phytotoxic acid derivative (Stalker et al., 1988). The bacterial gene
was driven by a promoter derived from a tobacco light-inducible, tissue-specific ribulose
biphosphate carboxylase small subunit gene to restrict expression to photosynthetic
tissues. The commercially available BXN transgenic cotton was developed by the same
strategy. Similarly, engineered resistance to 2,4-D in transgenic tobacco plants was
achieved by the introduction o f a bacterial gene (td fA ) encoding 2,4-D monooxygenase
via Agrobacterium (Lyon et al., 1989). 2,4-D monooxygenase catalyzes the cleavage of
an acetate side chain o f 2,4-D to give glyoxylate and 2,4-dichlorophenol which is between
50 and 100 times less toxic to tobacco plants (Streber and Willmitzer, 1989).
De Block et al. (1987) reported engineering o f plants resistant to two nonselective
herbicides, phosphinothricin (PPT) and bialaphos. Bialaphos is a tripeptide antibiotic
which consists o f PPT, an analogue of L-glutamic acid, and two L- alanine residues. PPT
is a potent inhibitor of glutamine synthetase (GS) which plays a central role in the
assimilation o f ammonia and the regulation o f nitrogen metabolism in plants. It is the
only enzyme in plants that detoxifies ammonia released by nitrate reduction, amino acid
degradation, and photorespiration. Inhibition o f GS by PPT causes rapid accumulation o f
ammonia which leads to death of the plant cells (Tachibana et al., 1986). At present, two
products are available as commercial herbicides: glufosinate ammonium is the
ammonium salt o f the chemically synthesized PPT (Basta, Hoechst AG, FRG), and
bialaphos is produced by fermentation o f S. hygroscopicus (Herviace. Meiji Seika Ltd). A
PPT resistance gene, bar, was isolated from S. hygroscopicus (Murakami et al., 1986;
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Thompson et al., 1987) and was shown to encode the enzyme phosphinothricin
acetyltransferase (PAT), which specifically coverts PPT to an acetylated, non-herbicidal
form (Thompson et al., 1987).
The bar gene under the control of the CaMV35 promoter was introduced into
tobacco, tomato, potato, oilseed rape (Brassica napus), alfalfa (Medicago saliva),
sugarbeet (Beta vulgaris), aspen (Populus tremuloides) and poplar plants via
Agrobacterium (Botterman and Leemans, 1988; De Block et al., 1987, 1989; D’Halluin et
al., 1990). In all cases, the bar gene conferred resistance in greenhouse-grown transgenic
plants to doses o f glufosinate and bialaphos which were higher than normally applied in
agriculture. Field tests with transgenic tobacco, potato and alfalfa plants, complete
resistance was observed (De Greef et al., 1989; D’Halluin et al., 1990). Furthermore, the
herbicide-treated transgenic plants revealed the same agronomic performance as non
transformed, non-treated control plants (De Greef et al., 1989). More recently, the bar
gene has been introduced into rice (Cao et al., 1992; Christou et al., 1991, 1992, 1995;
Datta et al., 1992), maize (Gordon-Kamm et al., 1990), wheat (Vasil et al., 1992, 1993;
Weeks et al., 1993), barley (Stiff et al., 1995; Wan and Lemaux, 1994) and soybean
(Christou et al., 1990), primarily by biolistic particle bombardment. Resistance to
glufosinate ammonium has been demonstrated in transgenic elite rice in the field trials
performed at the LSU Rice Research Station at Crowley, LA since 1993 (Christou, 1995;
Oard et al., 1996). Similar results was observed in herbicide-resistance soybean field
trials (Christou, 1995). All these results convincingly demonstrated that the broad-
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spectrum herbicide glufosinate can be used selectively for post-emergence application on
transgenic crop plants.
Another PPT-resistant gene, pat, was isolated and cloned from Streptomyces
viridochromogenes Tu494 (Strauch et al., 1988; Wohlleben et al., 1988). The p a t gene
also encodes a phosphinothricin-N-acetyl-transferase (PAT), which inactivates PPT by
acetylation. The bacterial pat gene was modified to enable its expression in plants. The
GTG start codon o f p a t was replaced by ATG. The modified p a t gene has been
introduced via Agrobacterium-mediated gene transfer into Nicotiana tobacum
(Wohlleben et al., 1988; Droge et al., 1992), via direct gene transfer into carrot (Daucus
carota) (Droge et al., 1992). A pat-b&sed synthetic gene has also been used to transform
alfalfa (Medicago sativa) (Eckes et al., 1989), and tobacco (Hoeven et al., 1994).
Wohllebed et al. (1988) compared the sequence o f the bar gene from S.
hygroscopicus (Thompson et al. 1987) with the p a t gene o f S. viridochromogenes and
found significant homology between the two genes. However, variation was detected in
the 5' noncoding region o f the two resistance genes which may reflect differences in
regulation. Introduction o f the p a t gene into cereal crops including rice may lead to more
herbicide-resistant crops and extend the agricultural application o f glufosinate.
1.2.3 Conclusions
The development o f herbicide-resistant crop cultivars has generated not only
considerable interest, but also considerable controversy over recent years. A number of
genetically engineered herbicide-resistant crops, such as BXN cotton, Roundup-Ready®
soybean, Liberty Link® com have been released for commercial production since1994.
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Field trials o f Liberty Link® rice and Roundup Ready® rice are ongoing. The availability
of transgenic technology will add to the arsenal o f integrated pest management options
available to the growers (Griffin and Micinski, 1998). However, there is a fear o f an
environmental risk that the transgenic crop that is herbicide-resistant may become a
volunteer weed, i.e., unharvested, shattered seeds o f the crop germinating in the following
crop, where it is, by definition, a weed (Gressal, 1993). The problem will be difficult to
control. Another factor that needs to be considered is the likelihood of the herbicideresistant genes becoming established in weed populations by hybridization between crop
and weeds. In general, the herbicide resistance is controlled by a dominant single gene
(Mazur and Falco, 1989). If the hybrids are fertile, they may be difficult to control in an
agricultural system which depends on weed control with the same herbicide (Dale and
Kinderlerer, 1995). It has been found that in rice fields, red rice (also belonging to Oryza
sativa), a noxious weed, can be hybridized with commercial rice (Dr. Steve Linscombe,
personal communications). Risk assessments should be made to identify and prevent the
possible consequences o f such a gene transfer (Dale and Kinderlerer, 1995).
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CHAPTER 2. HIGH EFFICIENCY TRANSFORMATION OF U.S. RICE LINES
FROM MATURE SEED-DERIVED CALLI AND SEGREGATION OF
GLUFOSINATE RESISTANCE UNDER FIELD CONDITIONS

2.1 Introduction
Significant advances have been made in the development of rice (Oryza saliva)
genetic transformation methods and incorporation o f genes conferring important
agronomic traits in the last decade. The first transgenic rice plants were obtained from
protoplast transformation systems with DNA uptake mediated by electroporation
(Shimamoto et al., 1989; Toriyama et al., 1988; Zhang et al., 1988) or polyethylene glycol
(PEG) (Datta et al., 1990; Zhang and Wu, 1988). However, since this method is limited
by constraints imposed by delicate protoplast culture systems, only a few japonica and
even a smaller number o f indica cultivars could be engineered for resistance to
glufosinate herbicide (Datta et al., 1992), rice striped stem borer (Chilo snppressalis), rice
leaf folder (Cnaphalocrocis medinalis) (Fujimoto et al., 1993), and the sheath blight
pathogen, Rhizoctonia solani (Lin et al., 1995). With the development o f bombardmentbased methodology (Klein et al., 1987; Sanford, 1988), production of transgenic rice
plants from elite indica and japonica rice cultivars by particle bombardment has been
reported by different laboratories (Abedinia et al., 1997; Cao et al., 1992; Christou et al.,
1991; Ghosh Biswas et al., 1998; Li et al., 1993 Nayak et al., 1997; Sivamani et al., 1996;
Valdez et al., 1998; Zhang et al., 1996). Transgenic rice plants expressing resistance to
glufosinate (Cao et al., 1992; Christou et al., 1991; Cooley et al., 1995), the bacterial
blight pathogen, Xanthomonas oryzae pv. oryzae race 6 (Song et al.,1995; Tu et al.,1998;
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Tang et al., 1999), yellow stem borer (Scirpophaga incertulas) (Datta et al., 1998;
Maqbool et al., 1998; Nayak et al, 1997; Wu et al., 1998), leaf folder (Cnaphalocrocis
medinalis) (Maqbool et al., 1998), pink stem borer (Sesamia inferens) (Duan et al., 1996),
nematode (M eloidogyne incognita) (Vain et al., 1998), and tolerance to water deficit and
salt stress (Xu et al., 1996) have been obtained via particle bombardment. The first
successful rice field tests o f transgenic glufosinate-resistant rice was reported by Oard et
al., 1996. However, hygromycin was the only selection agent used to identify
transformants from immature embryo-derived resistant calli. Moreover, segregation
analysis for glufosinate resistance was not performed. Substantial differences were
observed in terms o f genotype, type o f explant, selection agent, and transformation
efficiency, subject to the objective o f each experiment. Due to their ideal responsiveness
in tissue culture and higher regeneration potential, immature embryo explants were first
used in recovery o f transgenic elite indica and japonica rice (Christou et al., 1991; Cooley
et al., 1995; Li et al., 1993; Vain et al., 1998). However, preparation o f a large number of
high quality immature embryos was labor intensive, and environment- and seasondependent, which made the protocol difficult to adapt in other laboratories. Because of
convenience in preparing target tissues and good receptiveness for high transformation
efficiency with bombardment, embryogenic suspension culture cells were used for
production o f transgenic rice in the model japonica genotypes Taipei 309 (Cao et al.,
1992), Nipponbare, Tainung 67, and Pi4 (Duan et al., 1996), elite indica (group 1) rice
cultivars IR24, IR64, IR72 (Zhang et al., 1996) and indica Basmatic rice cultivar Pusa
Basmati 1 (Jain et al., 1996). Nevertheless, there is still a drawback in this approach
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because establishment o f embryogenic suspension cell lines is time-consuming and can
be difficult for some commercial genotypes. Furthermore, long-term maintenance o f
suspension cells can result in unexpected somaclonal variation in the target cells prior to
transformation.
To circumvent problems and disadvantages o f using immature embryos or
suspension cells as target tissues for bombardment, Sivamani et al. 1996 reported
selection o f large quantities of embryogenic calli from rice seeds as target tissues and use
of hygromycin B as an effective selection agent to produce fertile transgenic rice plants in
the model indica cv. TN 1. Using basically the same or slightly modified protocol as
described by Sivamani et al. 1996, fertile transgenic rice plants were obtained for an
Australian rice cultivar Jarrah (Abedinia et al., 1997), Taipei 309 (Chen et al., 1998), and
diverse tropical japonica and indica cultivars (Ghosh Biswas et al., 1998). Valdez et al.
(1998) reported a novel system by which transgenic rice plants were produced by direct
bombardment o f mature embryos instead o f mature embryo-derived embryogenic calli.
However, no detailed data were provided to demonstrate its transformation efficiency.
Therefore, it remains a challenge to efficiently develop transgenic rice plants from mature
seed embryos for elite tropical japonica U.S. rice breeding lines, including long-grain
commercial cultivars, especially when selection o f transformants with hygromycin is not
desirable.
The objectives o f the present study are: 1) to develop a routine and efficient
transformation system for elite U.S. rice lines by particle bombardment o f mature seedderived calli, independent of season and environment; and 2) to produce a large number
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o f elite glufosinate-resistant transgenic lines and study segregation o f glufosinate
resistance and expression o f transgenes under field conditions.
2.2 Materials and Methods
2.2.1 Plant materials and in vitro callus production
One commercial rice cultivar, Cocodrie, and 5 elite U.S. breeding lines
LA9502065, LA9502002, 96URN082, 96URN085, and 96URN131 were used in the
transformation experiments (Table 2.3). Mature seeds were dehusked and surfacesterilized in 50% (v/v) commercial bleach (containing 6.25 % sodium hypochlorite) for
45 min followed by 3 rinses in sterile distilled water. Seeds were aseptically plated on Cl
medium (Table 2.1) for callus induction. After 3 weeks in the dark at 26 °C, embryogenic
calli initiated on the scutellar surface o f mature seed embryos were selected and
subcultured at three weeks intervals on the same medium.
2.2.2 Plasmids used and constructed for bombardment studies
Four DNA plasmids were used for bombardment experiments: pAHC25
(Christensen et al., 1992), pTRA151 (Zheng et al.,1991), pB2/35SAck (Hoechst Schering
AgrEvo), and pPAT63 (this study) (Figure 2.1). pAHC25 consists o f the uidA gene
encoding P-glucuronidase (GUS) (Jefferson, 1987) and the bar gene (Thompson et al.,
1987) encoding phosphinothricin acetyltransferase (PAT) that inactivates
phosphinothricin (PPT), active ingredient of the herbicide glufosinate (trade names
Liberty, Basta, Ignite, Finale). Transcription o f uidA and bar genes were under the
control of the maize ubiquitin U bil promoter (Christensen et al., 1992). The plasmid
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pB2/35SAcK, 4.1 kb in size with a pUC19 backbone, contains a synthetic pat gene
(Eckes et al., 1989) encoding the PAT enzyme fused to a 35S-promoter and 35terminator. To facilitate selection o f transformants with hygromycin B, a 1.7 kb Hind III
fragment containing a mutated version o f the hph gene from plasmid pTRA151 (Zheng et
al., 1991) was cloned into a unique Hind III site o f pB2/35AcK by the author. The
resulting plasmid was designated pPAT63.
2.2.3 Particle bombardment
The helium-driven Biolistic PDS-1000/He (Bio-Rad) system was used in all
experiments. Plasmid DNAs were coated onto gold particles (I pm in size) according to
Sanford et al.(1992). The DNA coating protocol described by Weeks et al. (1993) was
also evaluated in a pilot test. Approximately 30 embryogenic calli (2-3 mm in diameter)
were placed evenly onto a 100 x 15 mm plastic Petri dish containing 25 ml o f fresh Cl
medium one day prior to bombardment. For routine bombardment, the distance from
rupture disc to macro-carrier, from macro-carrier to stopping screen, and from stopping
screen to target tissues was 1,1, and 9 cm, respectively. The rupture disc strength was
1,100 psi and vacuum pressure of the bombardment chamber was 0.09 MPa (27 in Hg).
Bombardment was conducted once per petri dish.
2.2.4 GUS assays
To optimize bombardment parameters and establish a guideline for stable
transformation for glufosinate resistance, GUS activity was assayed histochemically two
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Table 2.1. Composition of media for rice tissue culture and transformation experiments in
this study.
Medium

Composition

Cl

CC salts and vitamins (Potrykus et al. 1979), 20 g L‘l sucrose, 18.2
g L'1mannitol, 18.2 g L '1 sorbitol, 2 mg L l 2,4-D, 7 g L*1 agarose
(Type I-A, Sigma), pH 5.8

CI-H25

Cl with 25 mg L'1 hygromycin B (Boehringer Mannheim)

CI-H50

Cl with 50 mg L'1 hygromycin B

CI-B2

Cl with 2 mg L'1 bialaphos (Meiji Seika Kaisha, Yokyo, Japan)

CI-B4

Cl with 4 mg L'1 bialaphos

CI-B10

Cl with 10 mg L'1 bialaphos

PR1

CC salts and vitamin (Potrykus et al. 1979), 1.0 g L‘l casein
hydrolysate, 20 g L'1 sucrose, 36.4 g L 1 sorbitol, 1 mg L'1 LAA,
0.05 mg L*‘ zeatin ribosome, 7 g L l agarose (Type I-A, Sigma), pH
5.8

PR1-H50

PR1 with 50 mg L*1 hygromycin B

PR1-B4

PR1 with 4 mg L‘l bialaphos

PR2

MS salts and vitamins (Murashige and Skoog, 1962), 20 g L‘l
sucrose, 10 g L l maltose, 2 mg L'1 kinetin, 0.5 mg L*1 NAA, 7 g L'1
agarose (Type I-A, Sigma), pH 5.8

PR2-H50

PR2 with 50 mg L"1 hygromycin

PR2-B4

PR2 with 4 mg L*1 bialaphos

RT

MS salts and vitamins (Murashige and Skoog, 1962), 20 g L'1
sucrose, 2 g L'1 Phytagel (Sigma), pH 5.8

RT-B4

RT with 4 mg L*‘ bialaphos
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Fig.2.1. Schematic representation o f plasmid constructs used in this study. Ubi, maize
ubiquitin promotor; nos, terminator o f nopaline synthetase; 35S or P-35S, 35 S promotor
o f cauliflower mosaic virus; T-35S, 35S terminator of cauliflower mosaic virus; tml,
transcription terminator of a tumor morphology large gene. H, H ind III; P, Pst I; E, EcoK
I; B, B am K I; S, Smal.
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days after bombardment as described by Jefferson et al. (1987). Bombarded calli were
incubated in phosphate buffer (100 mM N aP03, pH 7.0), that contained 1.0 mM 5-bromo4-chloro-3-indolyl glucuronide (X-Gluc), 1% Triton X -100 at 37 °C, for 4 hours. Presence
o f any blue spots in a callus indicated transient expression of the uidA (GUS) gene.
2.2.5 Selection of transformants and regeneration of putative transgenic plants
One day after bombardment, embryogenic calli were transferred to Cl medium
supplemented with hygromycin B (Boehringer Mannheim) or bialaphos (Meiji Seika
Kaisha, Tokyo, Japan) in different concentrations (Table 2.2). Calli were subcultured on
the same fresh selection medium at 3-week intervals. After approximately 5 to 8 wks of
selection, 2 to 3 mm in diameter, hygromycin- or bialaphos-resistant calli were recovered
and transferred to PR1 or PR2 regeneration medium (Table 2.1). In approximately 3 wks,
shoots or plantlets were recovered and transferred into Magenta boxes (Sigma) containing
RT medium (Table 2.1). Plantlets 7-10 cm high with vigorous root development were
transferred to potting soil in the greenhouse and designated as R0 plants.
2.2.6 Glufosinate herbicide application in the greenhouse
Putative transgenic rice plants grown to the third- or fourth leaf stage in the
greenhouse were tested for response to Glufosinate herbicide (Liberty, 200 g L 1 PPT,
Hoechst AG, Germany) by spraying with a 0.25 % to 1.0 % (v/v) solution plus 0.1 %
(v/v) Tween 20. The actual concentration o f PPT used was 500 to 2000 mg L '1. Resistant
and susceptible plants were scored 7 DAT.
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2.2.7 Southern hybridization analysis
Genomic DNAs were extracted from leaf tissues according to Dellaporta et al.
(1984). Purified DNAs for each sample, undigested or digested with proper restriction
enzymes, were electrophoresed in 1.0 % agarose gels, transferred onto Hybond-NX
(Amersham) membrane , and fixed using a UV Crosslinker (FB-UVXL-1000,
FisherBiotech) set to deliver an energy dosage o f 700 J m'2 as recommended by the
manufacturer. Membranes were prehybridized at 65 °C for 2 hours in a buffer containing
6x SSC, 0.5% (w/v) SDS, 5 x Denhardt’s solution, and 100 mg L'1 sheared, denatured
salmon sperm DNA, and then hybridized at 65 °C overnight in the same buffer containing
probes labeled with [a -32P] dCTP (3,000 Ci/mol, Amersham) using random primed DNA
labeling procedures (Feinberg and Vogelstein, 1983 ; Boehringer-Mannheim). A 0.45 kb
Sma I fragment from pPAT63 and a 1.1 kb BamH I fragment from pTRAl 51 (Fig. 2.1)
were used as probes for the p a t and hph genes, respectively. After hybridization,
membranes were washed (Sambrook et al.,1989) and exposed to Kodak BioMax MS
autoradiography films with a Kodak BioMax MS intensifying screen at -80 °C for 16
hours. Membranes were stripped for re-hybridization by washing twice, for 15 min each
wash, in 0.1% SSC at 100 °C.
2.2.8 Germination test of mature R1 seeds
Seeds o f self-pollinated R0 transgenic plants were designated as R1 seeds. In the
first experiments, transmission o f the pat and bar gene was examined by germination o f
R1 seeds on RT-B4 medium containing 4 mg L‘l bialaphos (Table 2.1). The number of
germinated seeds was determined after one week. Seedlings from germinated seeds were
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transferred to the greenhouse and tested further for response to glufosinate by spraying to
runoff with a 1.0 % (v/v) aqueous solution.
2.2.9 Segregation o f glufosinate resistance in R1 and R2 progeny
To evaluate R1 transmission of the p a t o r bar gene in the field, R1 seeds from 20
independently transformed lines of Cocodrie (Table 2.4 and 2.5) and 10 independently
transformed lines o f LA9502065 (Table 2.6) were directly germinated in soil in the
greenhouse. Seedlings at the 2-3 leaf stage were transplanted June 1998 to the field at the
LSU Rice Research Station, Crowley, LA. At the third to fourth leaf stage, plants were
sprayed with glufosinate herbicide at a rate o f 1.12 kg ha'1. Resistant and susceptible
plants were counted one week after treatment. Seeds from glufosinate-resistant, self
pollinated R1 plants were designated as R2 seeds. Glufosinate resistance in the R2
progeny was tested both in the greenhouse during the winter of 1998 and in the field at
Lajas, Puerto Rico during spring 1999 in the same manner as described above.
2.3 Results and Discussion
2.3.1 Preparation of embryogenic calli from mature seed embryos for
transformation and regeneration
Selection o f target tissues is a critical factor when developing transgenic rice by
bombardment. The primary requirement for an optimal target is that tissues or cells
receiving exogenous DNA are culturable in vitro, actively dividing, and capable of
regenerating into fertile plants. In previous rice transformation studies, it was reported
that immature embryos (Christou et al., 1991; Cooley et al., 1995; Li et al., 1993),
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embryogenic calli derived from immature embryos (Li et al., 1993), and embryogenic cell
suspensions (Jain et al., 1996; Zhang et al., 1996) were competent for transformation and
regeneration. However, preparation of a large quantity o f immature embryos or
embryogenic cell suspensions is labor extensive and environment- or genotypedependent, whereas mature seed embryos are available year round. Therefore, mature
seed embryo-derived embryogenic calli was considered by the authors as suitable target
tissues for bombardment transformation o f elite U.S. rice breeding lines. While this
research was being conducted, Sivamani et al. (1996) reported production o f fertile
transgenic plants from embryogenic calli derived from seeds o f the indica cultivar TNI.
The same group recently described a protocol for consistent, large scale production o f
fertile transgenic rice plants in the japonica model cultivar Taipei 309 (Chen et al., 1998).
However, the applicability o f their protocol to a wide range o f genotypes has not been
demonstrated. This is an essential prerequisite for transfer o f agronomically important
genes into various elite U.S. cultivars and breeding lines.
For efficient induction of embryogenic calli from mature seeds of elite U.S.
breeding lines, five different basal media, i.e., MS (Murashige and Skoog, 1962), N6
(Chu et al., 1975), NB (Sivamani et al., 1996), LS (Linsmaier and Skoog, 1965), and Cl, a
modified CC medium (Potrykus et al., 1979) were tested for their efficiency. Our results
indicated that Cl was the best medium for induction and proliferation of embryogenic
calli from mature seed embryos in elite long-grain U.S. rice lines including the newest
cultivar Cocodrie. Primary embryogenic calli induced from mature seeds (Fig. 2.2a) were
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Fig 2.2. Preparation o f embryogenic calli from mature seeds o f rice cultivar Cocodrie for
transformation, (a) Somatic embryogenic calli induced from mature seeds in Cl medium,
(b) Proliferation o f embryogenic calli in subculture Cl medium. x5.

selected and subcultured every 2 to 3 wks in fresh Cl medium for proliferation. Within 34 months, a large quantity o f independent embryogenic calli (Fig. 2.2b) was obtained.
When these calli were transferred onto PR -1 or PR-2 regeneration medium, shoots and
roots developed within 3 wks. A series o f regeneration experiments revealed that the
regeneration potential o f embryogenic calli could be maintained at least for 4 to 5 months
(data not shown). By this means, a large quantity of optimal target tissues was prepared
for bombardment.
2.3.2 Transient expression and optimization of transformation
Bombardment parameters were optimized to increase the frequency of
transformation events using pAHC25. Parameters influencing the delivery o f DNAcoated gold particles included DNA coating procedure, the pressure strength o f rupture
discs, the distance between the stopping screen and the target tissues, and number of
41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Fig. 2.3. GUS gene expression in embryogenic calli 2 days after bombardment with
plasmid pAHC25. The calli were stained with 5-bromo-4-chloro-3-indolyl-(}-Dglucuronide (X-Gluc). The dark blue spots in the color print represented transient
expression o f GUS (uidA) gene. x20.

bombardment. DNA coating protocols basically as described by Sanford et al. (1992) and
Weeks et al. (1993) were compared, both rendering high levels (approximately 2,000 blue
spots per plate) o f GUS expression. However, uneven aggregation o f particles on the
surface o f target cells and browning o f cells was observed with the protocol o f Weeks et
al. (1993), probably due to the larger amount o f gold particles per bombardment. Based
on GUS expression, the distances o f 9 cm and 13 cm between the stopping screen and the
target tissues were found to be optimal. In previous reports target tissues were bombarded
twice (Chen et al., 1998; Jain et aL, 1996; Li et al., 1993), whereas in all o f our
bombardment experiments only a single bombardment was performed that reproducibly
yielded high levels o f GUS expression (Fig 2.3) as well as stable transformation. This
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simplified the bombardment procedure and reduced the possibility o f physically
damaging the living cells o f target tissues by two or multiple bombardments.
2.3.3 Selection o f stable transformants using hygromycin and bialaphos
Production o f numerous independently transformed calli and fertile transgenic rice
plants was the result o f using only proliferated embryogenic calli as target tissues and the
execution o f stringent selection. In the initial attempt to develop transgenic rice plants
from LA9502065, a total o f 590 embryogenic calli bombarded with pPAT63 were
immediately transferred onto regeneration medium in the absence o f any selection agent.
A total o f 798 plants were obtained with an optimal regeneration system. To recover
stable transformants, all regenerated plants were transplanted in the greenhouse and were
sprayed with 2000 m g L*‘ glufosinate at the 4 to 5 leaf stage. No plants survived (Table
2.2), indicating that all regenerated plants were produced from non-transformed cells. The
negative result indicated that a rice transformation protocol without selection is laborintensive and fruitless. This result was inconsistent with previous reports in rice (Christou
et al., 1991) and barley (Hordeum vulgare) (Ritala et al., 1994), where transformed
embryogenic calli and somatic embryos were recovered in the absence o f any selection
pressure.
To establish an efficient transformation system, different selection methods with
the antibiotic hygromycin B at two concentrations (25, 50 mg L'1) and the herbicide
bialaphos at three levels (2, 4, and 10 mg L*1) were evaluated in the recovery o f the stable
transformants yielding glufosinate resistant plants (Table 2.2). The selection process
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Table 2.2. Transformation efficiency o f glufosinate resistant lines o f LA9502065 using
hygromycin B or bialaphos as a selection agent.

No. of calli
Cone. bombarded
Selection agent (mg L'1)
(A)
0
590
None
Hygromycin B

Bialaphos

No. of
resistant
calli
-

No. of
% of
glufosinate
glufosinate
No. of
Transform
resistant
resistant
ation
plants
plants
plants
efficiency
regenerated
(C/B)
(C/A)
(C)
(B)
0
0
798
0

25

250

27

43

6

14

0.024

50

250

12

56

54

96

0.216

2
4
10

250
250
250

13
9
7

14
33
45

2
33
45

14
100
100

0.008
0.132
0.180

included three stages: 1) recovery o f antibiotic- or herbicide-resistant calli among
bombarded target tissues (Fig. 2.4a); 2) plant regeneration from antibiotic- or bialaphosresistant calli in the presence o f the selective agent (Fig. 2.4b); 3) induction o f roots of
regenerated plantlets in the continuous presence o f the selective agent. The regenerated
plants were then grown to the 3-4 leaf stage and tested for glufosinate resistance in the
greenhouse (Fig. 2.4c). The test for herbicide glufosinate resistance in rice plants was
quick and effective and distinguished transformants from non-transformants including
escapes. Two days after spraying glufosinate, chlorotic leaves were observed in
untransformed plants while transgenic rice plants exhibited no chlorosis. Approximately
6 days after glufosinate application, untransformed plants were killed while transgenic
plants survived, showing total resistance or tolerance to the herbicide (Fig. 2.4d). The
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Fig. 2.4. Production and greenhouse tests o f transgenic rice plants for glufosinate
herbicide resistance, (a) Growth o f bombarded calli in the absence (left) vs. presence
(right) o f bialaphos, transformed cells were recovered in the presence o f 4.0 mg/L
bialaphos. (b) Plantlet regeneration (right plate) o f resistant calli in PR-2 medium
containing 4 mg/L bialaphos. (c) Plantlets regenerated from transformed and
untransformed cells were transferred and grown in the greenhouse, (d) Transgenic rice
(R0) plants (background) survived while untransformed rice were killed (foreground) 7
days after foliar application of glufosinate at 2000 mg L*‘.

results showed that directly using bialaphos at concentrations o f 4 and 10 mg L '1as a
selective agent, all regenerated plants were resistant to glufosinate with a transformation
efficiency o f 13% and 18%, respectively. However, when the bialaphos concentration
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was as low as 2 mg L*1, transformation efficiency was reduced to 0.8 %, indicating that
the low selection pressure resulted in many escapes. The highest transformation
efficiency (22%) yielding the largest quantity o f transgenic rice plants (54) was obtained
when hygromycin B at 50 mg L'1was used as a selection agent, indicating that
hygromycin did not inhibit plant regeneration o f stably transformed calli. In addition, 96
% o f hygromycin resistant plants were resistant to glufosinate, indicating that hygromycin
used as an indirect selection agent for glufosinate resistance still allowed a few escapes.
Similarly, a low concentration (25 mg L'1) o f hygromycin resulted in low transformation
efficiency (2% ) and a low percentage (14 %) o f glufosinate resistant plants.
In our experiments, hygromycin B at 50 mg L '1was an efficient selection agent to
recover glufosinate resistant plants. This was consistent with previous reports in
developing transgenic rice for resistance to rice pink stem borer, stripped stem borer
(Chilo suppressalis), yellow stem borer (Cheng et al.,1998; Duan et al., 1996; Wu et al.,
1997), the sheath blight pathogen, Rhizoctonia solani (Lin et al., 1995), and nematode
(M eloidogyne incognita) (Vain et al., 1998), in that the hph gene was used exclusively as
a selection marker. In contrast, there have been few successful reports o f using bialaphos
as a selectable marker gene in rice transformation (Rathore et al. 1993; Toki et al., 1992).
Selection with bialaphos using the bar gene as a selection marker was not successful in
transformation o f the Australian rice cultivar Jarrah (Abedinia et al., 1997), though
bialaphos was successfully used as a selection agent in recovery o f other cereal crops
including maize (Zea mays) (Gordon-Kamm et al., 1990), wheat ( Triticum aestivum)
(Weeks et al.,1993), barley (Wan and Lemaux, 1994), and sugarcane (Saccharum
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officinarum ) (Gallo-Meagher and Irvine, 1996). The previously reported efficient, routine,
or consistent systems/protocols for production o f transgenic rice plants for the

A u s tr a lia n

rice cultivar Jarrah (Abedinia et al., 1997), diverse indica or tropical japonica cultivar
(Ghosh Biswas et al., 1998; Sivamani et al., 1996; Zhang et al., 1996;) or japonica cultivar
Taipei 309 (Chen et al., 1998) were all exclusively dependent on selection for
hygromycin resistance mediated by the hph maker gene. Numerous transgenic rice plants
have been produced repeatedly in our experiments by employing bialaphos selection,
demonstrating that this compound is also an effective and reliable selection agent for
transformation o f elite U.S. rice lines. This result may be important for the commercial
production o f transgenic rice where presence o f the hph gene is undesirable.
2.3.4 Production of fertile transgenic rice plants with glufosinate resistance
Bombardment-based transformation o f embryogenic calli (2-3 mm in size)
induced from mature seed embryos in C l medium, in conjunction with hygromycin or
bialaphos selection, was productive and reproducible. A summary of the transformation
experiments for 6 elite rice lines is presented in Table 2.3. Cocodrie and medium-grain
elite line LA9502065 were the first two lines used extensively in establishing an efficient
transformation system for production o f transgenic glufosinate resistant lines. The
transformation system was also shown to be reproducible in the remaining four elite lines,
LA9502002, 96URN082, 96URN085, and 96URN131. A total of 5201 embryogenic calli
were bombarded with plasmid vectors containing the bar (pAHC25) or p a t (pPAT63 and
pB2/35SAck) gene. Stable transformants were recovered by using either bialaphos or
hygromycin as a selective agent. The transformation frequency, as defined in terms o f
47
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Table 2.3. Number of calli bombarded, hygromycin- or bialaphos-resistant calli, and glufosinate-resistant plants for six transgenic
elite U.S. rice breeding lines.

No. o f calli
No. o f calli
Rice line

Pedigree

Cocodrie

Cypreis//82CAY2l/Tcbonnet

LA9502065

LA9S02002

96URN082

96URN08S

96URNI3I

Total

Bengal/Ricol

Maybelle//Lemont/200l-S

Cyprcss//82CAY2l/Tebonne(

Cypress//L201/7402003

Mercury/Rico 1

Exp. no.

Vector

No. o f Ilyg-R or produced Hyg-R or

bombarded (A) HL-R calli (B)

BL-R plants (C)

No. o f
glufosinateresistant
plants (D)

Transformation
frequency (U/A)

Transformation
efficiency (D/A)

1

pAIIC25+pTRAI5l

210

3

2

14

0.014

0.067

2

pAIIC25+pTRAI5l

462

21

16

43

0.045

0.093

3

pAHC25+pTRAI5l

384

20

II

89

0.052

0.232

4

pPAT63

180

28

21

133

0.156

0.739

5

pPAT63

ISO

IS

14

ISS

0.100

1.033

6

pB2/3SSAcK

160

12

9

28

0.07S

0.175

7

pB2/3SSAcK

ISO

8

4

16

0.053

0.107

1

pAHC25+pTRAI5l

391

30

19

210

0.077

0.537

2

pAIIC25+pTRAI5l

340

43

9

17

0.126

0.050
0.241

3

pAHC25+pTRAI51

684

23

21

16$

0.034

4

pPAT63

507

37

18

2S

0.073

0.049

5

pPAT63

2S0

12

12

S4

0.048

0.216

6

pPAT63

500

16

IS

78

0.032

0.156

1

pPAT63

96

3

3

5

0.031

0.052

2

pPAT63

108

9

7

43

0.083

0.398

1

pPAT63

120

28

24

80

0.233

0.667

2

pPAT63

IIS

13

8

26

0.113

0.226

1

pPAT63

90

20

19

45

0.222

0.500

2

pl’AT63

124

IS

5

8

0.121

0.065

1

pPAT63

90

19

IS

2$

0.211

0.278

2

pPAT63

90

14

6

9

0.IS6

0.100

S20I

389

2S8

1268

0.075

0.244

Fig. 2.5. Transgenic RO rice plants o f Cocodrie grown to maturity in the greenhouse.

number o f bialaphos- or hygromycin-resistant calli in 100 bombarded calli, ranged from
1% (LA9502065) to 23% (96URN082). A total o f 389 bialaphos- or hygromycin-resistant
calli were obtained, giving an average transformation frequency o f 7% (389/5201). These
bialaphos- or hygromycin-resistant calli were highly embryogenic. After being transferred
onto the regeneration media, 66 % (256/389) o f these stable transformants readily
differentiated into plantlets in the presence of bialaphos (4 mg L '1) or hygromycin (50 mg
L '1). A total o f 1268 RO plants resistant to the herbicide glufosinate (2000 mg L ') in the
greenhouse were obtained. A total o f 62% (785/1268) o f transgenic rice plants grew to
maturity and set seeds normally (Fig 2.5). The efficiency o f stable transformation, as
defined (Sivamani et aL, 1996) in terms o f the number o f hygromycin- or bialaphos-
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resistant RO plants regenerated from 100 bombardment explants, ranged from 5%
(LA952065) to 100% (Cocodrie). The average transformation efficiency across all 6 lines
was 24% (1268 plants/5201 calli), which was higher than those in previous reports (3 %
for T N I, Sivamani et al., 1996; 22% for Taipei 309, Chen et al., 1998).
2.3.5 Southern blot analysis o f the p a t gene in R0 and R1 glufosinate resistant plants
Four R0 plants representing 4 independent transgenic lines and 6 R1 plants
derived from one fertile transgenic line were analyzed for stable incorporation o f the p a t
gene in a Southern blot analysis (Fig.2.6). Both undigested (lanes 15-19) and digested
(lanes 4-15) rice genomic DNA from the transgenic rice lines and untransformed cultivar
Cocodrie were included in the blot. When hybridized with the p a t gene probe, the
untransformed plant did not show any hybridization band in the EcoK I digested
(lane 4) or undigested (lane 15) genomic DNA, whereas the undigested (lanes 16-19)
genomic DNAs o f 4 independent glufosinate resistant plants appeared as a smear in the
regions o f high molecular weight DNA, providing evidence that the p a t gene was stably
integrated into the genomic DNA. As expected, the £coR I digestion o f pPAT63 (lanes 13) and genomic DNAs (lanes 11-14) o f pPAT63 transgenic rice plants generated a 1.4 kb
fragment that contained the intact p a t gene expression unit. However, the banding pattern
differed among the four R0 plants, which confirmed that these R0 plants represented 4
independent transgenic lines. Compared to Line 1016 (lane 11) and Line 1001 (lanel2),
the pattern o f bands in Linel017 (lane 13) and Line 1026 (lane 14) indicated complex
integration events o f the p a t gene. The presence o f multiple weaker bands o f higher
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Fig. 2.6. Southern blot analysis o f the p a t gene in R0 and R1 transgenic plants o f
Cocodrie. Lanes 1-3: plasmid pPAT63 digested with EcoR I, equivalent to 1, 5 and 10
copies o f the p a t gene per rice haploid genome. Lanes 4-14, genomic DNAs digested with
EcoR I; Lane 4: a wild-type (untransformed) plant; Lanes 5-10: 6 R1 progeny plants, 161, 16-2, 16-3, 16-4, 16-5 and 16-6 derived from the transgenic line 1016 (R0, Lanel 1);
Lanes 11-14: 4 independent R0 transgenic lines, 1016, 1001, 1017, and 1026; Lane 15:
undigested genomic DNA o f the wild-type plant; Lanes 16-19, undigested genomic DNAs
from 4 independent R0 transgenic lines corresponding to Lanes 11-14. DNAs were
electrophoresed in 1.0% agarose gel, transferred onto Hybond-NX membranes
(Amersham), and hybridized with ^ -la b e le d 0.45 kb Sma I fragment from pPAT63.
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molecular weight may represent rearranged copies o f the p a t gene expression unit or
partial digestion o f the rice genomic DNA with E coK I. The complex insertion o f the
transgene may be responsible for the phenotypical abnormalities in the corresponding
transgenic lines. For example, both Line 1017 and Line 1026 were sterile though highly
resistant to glufosinate in the greenhouse and field, whereas Line 1016 and L1001 were
fertile and phenotypically normal. Compared with untransformed Cocodrie, Line 1017
was dw arf with excessive tillering while Line 1026 was tall and poor in tillering.
DNA hybridization profiles (lanes 5-10) o f 6 R1 progeny, 16-1, 16-2, 16-3,16-4,
16-5, 16-6, and their corresponding parent (R0) plant Line 1016 (lane 11) were found to
be identical (Fig.2.6), providing molecular evidence that the p a t gene was transmitted
intact to the R1 progeny.
2.3.6 Southern blot hybridization analysis for presence of the hph selection marker
gene in R0 and R1 glufosinate resistant plants
Because the selectable marker gene hph is linked to the pat gene in plasmid
pPAT63, re-hybridization o f genomic DNA o f the above sampled transgenic lines with
hph probe was carried out to further analyze the transgenic events. Digestion o f pPAT63
and genomic DNA o f pPAT63 -transformed rice plant and their progeny with E coK I
should release a 4.4-kb fragment containing the intact 1.7-kb hph gene cassette. As
expected, hybridization was observed in a 4.4-kb band o f EcoK I digested genomic DNAs
and in the region o f higher molecular weight o f undigested genomic DNA (Fig. 2.7).
These results demonstrated that the hph gene was stably integrated into the rice genome.
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Fig. 2.7. Southern blot analysis o f the hph gene in RO and R1 transgenic plants o f
Cocodrie. Lanes 1-3: plasmid pPAT63 digested with £coR I, equivalent to 1, 5 and 10
copies o f the p a t gene per rice haploid genome. Lanes 4-14, genomic DNAs digested with
EcoK I; Lane 4: a wild-type (untransformed) plant; Lanes 5-10: 6 R1 progeny plants, 161, 16-2, 16-3, 16-4, 16-5 and 16-6 derived from the transgenic line 1016 (R0, Lanel 1);
Lanes 11-14: 4 independent R0 transgenic lines, 1016, 1001, 1017, and 1026; Lane 15:
undigested genomic DNA o f the wild-type plant; Lanes 16-19, undigested genomic DNAs
from 4 independent R0 transgenic lines corresponding to Lanes 11-14. DNAs were
electrophoresed in 1.0% agarose gel, transferred onto Hybond-NX membranes
(Amersham), previously hybridized with a p a t probe. After stripping, the blot was re
hybridized with P32-labeled 1.1 kb H ind III fragment o f pTRAl 51.
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We detected variation in copy number o f the intact or rearranged pat gene among
four independent lines (Fig.2.6 and Fig. 2.7), but their resistance to glufosinate was
similar. This was consistent with previous reports (Nagy et al., 1985; Spencer et al., 1990)
that found no apparent correlation between the copy number o f intact or rearranged bar
genes and the level o f expression in transgenic plants.
2.3.7 Germination test of mature seeds of R1 generation
Transmission o f the p a t or bar gene was first demonstrated by germination o f R1
seeds o f one transgenic line G8T developed from LA9502065 in the presence o f 4 mg L'1
bialaphos. A total o f 22 o f 30 seeds tested germinated in the rooting medium RT-B4
(containing 4 mg L*1 bialaphos) as vigorously as in the absence o f bialaphos, but no seeds
of untransformed LA9502065 germinated in the same medium. A 3:1 ratio of
glufosinate resistance (22): susceptibility (8) observed in germination test of R1 seeds and
the Southern blot hybridization analysis confirmed that the p a t or bar gene was integrated
into the rice genome and transmitted intact to the progeny.
2.3.8 Segregation and field evaluation of glufosinate resistance in R1 and R2
progeny
Segregation o f glufosinate resistance was further investigated in the R1 and R2
progeny. Selfed progeny (R l) o f 20 transgenic lines o f Cocodrie (Tables 2.4, 2.5) and 10
transgenic lines o f LA9502065 (Table 2.6) were examined for glufosinate resistance in
field plots at the Rice Research Station, Crowley, LA in 1998. Plants were sprayed at a
rate o f 1.12 kg ha"1 (1.0 lb ai/A) at the 3 to 4 leaf stage. Resistant and susceptible plants
were scored 7 DAT (Fig. 2.8) and susceptible plants died within 2 wk after treatment.
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Fig. 2.8. Segregation o f glufosinate resistance in R1 progeny from selfed RO seeds at the
Rice Research Station, Crowley, LA, 1998.

For transgenic Cocodrie derived material, glufosinate resistance segregated in all 17 R1
progeny with 3:1, 9:7, or 15:1 %2 ratios (Tables 2.4, 2.5). In the R2 generation, 85%
(53/62) o f the lines segregated for one or two dominant genes as in the R l, but not all R2
progeny segregated for resistance like their parental R l lines. For example, R l line 617-1
segregated 3:1 for glufosinate resistance, but 9:7 and 15:1 ratios were also observed the
R2 generation (Table 2.5). Sixty seven percent (6/9) o f all abnormal R2 segregation was
detected in lines derived from two R l parents, C02 and 703-4. Similar to Cocodrie R l
progeny, glufosinate resistance in R l lines o f LA9502065 was controlled by one or two
dominant genes (Table 2.6). However, only 37% (14/38) o f the R2 progeny exhibited
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Table 2.4. Segregation o f glufosinate resistance in R l and R2 transgenic Cocodrie
derived lines, A01-G06, 1998, Rice Research Station, Crowley, LA; 1999, Lajas, Puerto
Rico.
No. o f plants
sprayed

No. of plants
resistant

No. of plants
susceptible

X2 ratiot

X2 valuej

AO I
A01-1
AOl-2
A01-3
A01-3-GH

15
40
34
30

12
22
19
18

3:1
9:7
3:1
9:7

0.200
0.025
3.098
0.171

30

23

3
18
5
12
7

3:1

0.044

A02
A02-1-1-GH

13
32
26

to
32
19
14

5
0
7

0.556
0.051

8

3:1
stable
3:1
3:1

Generation

Line

Rl
R2

Rl
R2

AQ2-1-1
A02-1-2

22

1.515

C01
COM

19

10

9

9:7

0.101

R2

28

22

6

3:1

0.190

Rl

C02

30

21

9

3:1

0.400

R2

C02-3
C02-4
C02-5

37

36

-

-

100
30

84
9

1
16

-

-

21

-

-

Rl
R2

DO I
DOM

25
24

13
18

12
6

9:7
3:1

0.183
0.000

Rl
R2

DOS
D05-1

19
37

13
19

6
18

3:1
9:7

3.813
0.361

Rl
R2

(301
GOM
GO 1-3

44
36
24

31
32
16

12
4
8

3:1
3:1
3:1

0.212
3.704
0.889

Rl
R2

G03
G03-1-1

41
71

35
61

16
10

3:1
-

3.813
-

Rl
R2

G05
G05-1
G05-2

22
41
40

18
34
38

4
7
2

3:1
3:1
15:1

0.545
1.374
0.107

Rl
R2

G06
G06-4

27
10

17
8

10
2

9:7
3:1

0.494
0.133

Rl

f Best Chi square ratio o f those tested; A
indicates no ratio fit.
t df=l, x*=3.841 at the 0.05 probability level.
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Table 2.5. Segregation o f glufosinate resistance in R l and R2 transgenic Cocodrie
derived lines 617-1, 617-2, 617-6, 617-8, 618-1, 703-3, and 703-4, 1998, Rice Research
Station, Crowley, LA; 1999, Lajas, Puerto Rico.__________________
No. o f plants
sprayed

No. o f plants
resistant

No. of plants
susceptible

617-1
617-1-1
617-1-2
617-1-5
617-1-6
617-1-7
617-1-8
617-1-10
617-1-11

14
9
18
23
36
52
21
39
38

ll
8
11
18
16
32
13
17
34

3
1
7
5
20
20

Rl
R2

617-2
627-2-1
617-2-4
617-2-5
617-2-9
617-2-10
617-2-11

13
30
33
31
37
37
25

Rl
R2

617-6
6176-2
617-66
6176-7
617-6-10
6176-11
617-6-12
6176-13
6176-14
617-6-16

Rl
R2

Generation

Line

Rl
R2

X2 ratiot

X2 valuet

22
4

3:1
15:1
9:7
3:1
9:7
9:7
9:7
9:7
15:1

0.095
0.363
0.173
0.130
2.039
0.591
0.273
2.540
1.186

9
25
24
22
27
19
20

4
5
9
9
10
18
5

9:7
3:1
3:1
3:1
3:1
9:7
3:1

0.890
1.111
0.091
0.269
0.081
0.361
0.333

18
22
39
38
108
71
44
43
26
52

13
16
23
26
70
58
27
34
16
42

5
6
16
12
38
13
17
9
10
10

3:1
3:1
9:7
3:1
9:7
3:1
9:7
3:1
9:7
3:1

0.074
0.061
0.118
0.877
3.219
1.695
0.468
0.380
0.295
0.923

617-8
617-8-1
617-8-2
617-8-3
617-8-4
617-8-5
61766
617-8-10
617-8-13
617-8-16
617-8-22
617-8-23
617-8-25
617-8-27
617-8-28
617-8-29

35
25
29
51
25
24
38
24
19
32
33
28
36
35
27
19

25
18
23
37
17
20
24
18
10
20
29
26
22
32
19
13

10
7
6
14
8
4
14
6
9
12
4
2
14
3
6

3:1
3:1
3:1
3:1
3:1
3:1
9:7
3:1
9:7
9:7
15:1
15:1
9:7
15:1
3:1
3:1

0.238
0.120
0.287
0.163
0.653
0.889
0.737
0.000
0.101
0.508
1.941
0.038
0.346
0.322
0_309
0.439

Rl
R2

618-1
618-1-8

14
10

13
6

1
4

15:1
-

0.019
-

Rl
R2

703-3
703-3-3
703-3-6-GH

31
20
7

29
15
7

3
5
0

15:1
3:1
liable

0.583
0.000
-

Rl
R2

70 36
7036-2
7036-3-G H

58
2
16

52
1
16

6
1
0

15:1
stable

1.660
-

7036-18

7

2

5

-

-

8

8

t Best Chi square ratio o f those tested; A
indicates no ratio fit.
t df=l, x2=3.841 at the 0.05 probability level.
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-

Table 2.6. Segregation o f glufosinate resistance in R l and R2 transgenic LA9502065
derived lines 102, K07, L01, L02, L03, L04, L05, L08, and L l 1,1998, Rice Research
Station, Crowley, LA; 1999, Lajas, Puerto Rico.__________________________
Generation

Line

No. o f plants
sprayed

No. of plants
resistant

No. of plants
susceptible

X1 ratiof

X1 valuet

Rl
R2

102
102-2

10
4S

6
34

4
10

9:7
3:1

0.057
0.444

Rl
R2

K07
K07-2

16
35

9
27

7
S

3:1
3:1

3.000
0.0S6

Rl
R2

L01
LOI-N-3
L01-N-4
L01-1L6
L01-N-7
LOI-N-4
LOl-N-9
L01-N-10
LOl-N-U
L01-N-12

26
44
4S
SS
56
64
64
64
136
SO

16
44
4
13
20
5
14
11
IS
12

10
0
44
75
36
59
50
53
US
64

9:7
stable

0.295

-

-

-

-

-

-

L02
L02-D-*
L02-CMS
L02-D-7
L02-O 4
L02-D-10
L02-D-12
L02-D-13
L02-D-15
L02-D-16
L02-D-17
L02-D-1S
L02-D-20

12
64
64
72
SS
112
44
100
no
130
130
150
140

10
10
3
39
31
21
6
64
6S
15
SS
45
104

2
54
61
33
57
91
42
36
42
45
42
105
36

L03
L03-N-1
L03-N-4
L03-N-5
L03-N-6
L03-N-7
L03-6
L03-5

25
50
90
140
SO
99
63
51

21
7
64
112
28
99
28
37

4
43
26
28
52
0
35
14

L04
L04-D-1
L04-D-2
L O U ).)
LOUM

12
32
40
56
SO

11
9
5
IS
31

Rl
R2

LOS
LOS-D-1
LOS-D-2
LOS-D-3

16
24
40
69

Rl
Rl

LOS
L ll

2S
15

Rl
R2

Rl
R2

Rl
R2

.

-

-

-

.

-

-

-

-

-

*

3:1

0.444

-

-

-

-

9:7

0.127

-

-

-

-

9:7
9:7
3:1

-

2.441
1.386
-

3.703

-

-

3:1

0.038

3:1
3:1
3:1

1.080
0.726
1867

-

-

-

stable

-

-

-

3:1

0.163

I
23
35
34
49

15:1

0.089

-

-

-

-

9
12
20
55
20
11

-

-

-

-

7
12
20
14

9:7
9:7
9:7
3:1

0.000
0.381
0.635
0.816

8
4

3:1
3:1

0.190
0.022

t Best Chi square ratio o f those tested; A
indicates no ratio fit.
%df=l, x2=3.841 at the 0.05 probability level.
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known segregation patterns. Over one half o f the abnormal R2 segregation ratios (13/24,
54%) could be traced to R1 lines L01 and L04. Reasons for the observed differences in
segregation for glufosinate resistance in Cocodrie vs. LA9502065 are unknown, but
differences in genetic background o f the tw o lines may play a role.
In 5 (17%) out o f 30 independent transgenic events, i.e., B01, F01, HOI, J01 and
M01, all R1 plants were susceptible to glufosinate (data not shown), despite the fact that
their parental R0 plants were regenerated in the presence o f bialaphos and resistant to
glufosinate at 1000 mg L '1 in the greenhouse. These results indicated escapes or gene
silencing in these 5 transgenic lines. Although no molecular evidence was produced to
elucidate gene silencing in this experiment, the aberrant or inconsistent segregation
patterns for glufosinate resistance from R1 to R2 progeny derived from the same primary
transformants was most likely the result o f gene silencing. Kumpatla et al. (1997) studied
bar expression in rice and demonstrated that a transgene locus containing multiple
rearranged copies was functional in primary transformants but was readily methylated and
frequently silenced in subsequent generations.
2.3.9 Recovery o f homozygous glufosinate resistant lines in R2 progeny
R2 progeny plants o f 4 Cocodrie transgenic rice lines, A02-1, C02-3 (Table 2.4),
703-3-6, and 703-4-3 (Table 2.5), and 2 LA9502065 transgenic rice lines, L01-N-3 and
L03-N-7, exhibited homogenous resistance to glufosinate in the greenhouse or field test.
These 6 R2 populations were apparently derived from 6 homozygous R1 plants. They
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grew to maturity and set seeds normally (Fig. 2.9) under field conditions. Stability o f
glufosinate resistance in these materials has been confirmed in the R3 and R4 generations
(data not shown).

Fig. 2.9. Stable, elite transgenic rice lines (R2) were recovered and grown to maturity at
the Rice Research Station, Crowley, LA, 1998.

2.3.10 Abnormal transgenic lines
Particle bombardment o f rice mature seed-derived embryogenic calli generated
glufosinate resistance in primary transgenic plants and their progeny with both normal and
aberrant phenotypes, such as dwarfism, over-tillering, sterile, straight-headed, and
purple-lemma o f seeds. Several R1 progeny plants resistant to glufosinate in the field set
purple seeds whereas their parental R0 plants set seeds with normal color. Some R1
plants set seeds o f both normal color and purple or tan while some plants produced all
purple seeds. The segregation o f purple to normal varied from panicle to panicle within a
single R1 plant and between individual R1 progeny plants from the same R0 parental
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plant. The ratio o f purple seeds in a single panicle varied from 24% to 78%. It was
observed that the majority (-90%) o f purple seeds were sterile, more susceptible to fiigal
disease, exhibiting a possible linkage o f fecundity and coloration of seeds. However,
stable lines with glufosinate resistance and purple-seed characteristic were recovered in
R2-R3 progeny, indicating that purple-seed character is heritable and may be used as a
unique phenotypic marker for glufosinate resistance. The putative mutation may be
caused by insertion o f the pat or bar gene into other genes related to fecundity and
pigmentation o f seeds.
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CHAPTER 3. HIGH EFFICIENCY TRANSFORMATION OF ELITE U.S. RICE
LINES MEDIATED BY AGROBACTERIUM AND FIELD EVALUATION OF
TRANSGENIC LINES

3.1 Introduction
Agrobacterium -mediated genetic transformation o f plants is an attractive
alternative to direct DNA delivery methods. The advantages o f Agrobacterium-mediated
gene transfer over other methods include high efficiency o f transformation, transfer o f
pieces o f DNA with defined ends at low copy number, transfer o f relatively large
segments o f DNA, and the absence o f a requirement for protoplast culture technique or
any special equipment (Hiei et al., 1997; Shimamoto, 1995). Application o f an
Agrobacterium-mediated transformation system, however, had been until recently limited
to dicotyledonous plants. Monocotyledonous plants, in particular cereal plants including
rice, are not the natural hosts of Agrobacterium tumefaciens. Advances in tissue culture
methodology and development of more potent T-DNA vectors, such as a ‘super-binary’
vectors, have rendered some cereal species amenable to Agrobacterium. Transgenic
plants o f rice (Oryza sativa) (Hiei et al., 1994), maize (Zea mays) (Ishida et al., 1996),
wheat ( Triticum aestivum) (Cheng et al., 1997), and barley (Hordeum vulgare) (Tingay et
al., 1997) have been successively obtained via ^groZ>ac/mv/n-mediated transformation.
Transgenic rice plants have been produced from indtca, japonica (Aldemita and Hodges,
1996; Rashid et al., 1996), and tropicaljaponica (Dong et al., 1996) subspecies. Using
Agrobacterium-mediated transformation, certain important agronomic traits, such as
resistance to striped stem borer (Chilo suppressalis) and yellow stem borer (Scirpophaga
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incertulas) (Cheng et al., 1998), C4-photosynthesis (Ku et al., 1999), and unsaturation o f
fatty acids and chilling tolerance o f photosynthesis (Yokoi et al., 1998) have been
introduced into rice. However, Agrobacterium-mediated transformation o f rice is not yet
routine and the explants are limited to immature embryo- or scutellum-derived calli (See
review by Hiei et al., 1997; Yokoi et al., 1998). The potential fo t Agrobacterium
transformation using anther-derived cultures has not been adequately studied (Balconi et
al., 1998). Currently, there is no report o f field performance o f Agrobacterium
transformed rice plants which is essential to evaluate the feasibility o f the protocol for
rice genetic engineering. The need to w ork directly with elite breeding lines rather than
the model genotypes, regardless o f their amenability to tissue culture, is also warranted.
The objectives o f this study are to establish a routine, efficient Agrobacterium mediated transformation method for U.S. elite rice lines as an alternative to particle
bombardment and to examine the competence o f anther-derived calli for Agrobacterium
transformation. A large number o f transgenic calli and plants have been repeatedly
produced from both anther- and scutellum-derived calli, which substantiated that
Agrobaclerium-mediated transformation o f rice via scutellum-derived calli (Hiei et al.,
1994) is a feasible alternative to particle bombardment for production o f transgenic U.S.
rice lines. Furthermore, our research demonstrated for the first time the competence of
anther cultures as explants for Agrobacterium-mediaXed transformation, though the
problem o f albinism in transgenic rice plants should be addressed in the future studies. In
addition, a majority o f R2 progeny o f 3 transgenic lines derived form LA9502065
transformed by Agrobacterium tumefaciens strain LBA4404 (pTOK233) exhibited
63
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normal agronomic traits and less morphological variation than those produced from
bombardment experiments in a preliminary field trail, indicating Agrobacterium could be
utilized for introduction o f useful genes into rice.
3.2 Materials and Methods
3.2.1 Plant materials and in vitro callus production
3.2.1.1 Rice genotypes and culture media
Two elite U.S. breeding lines LA9502065 and LA9502008 (Cocodrie), six F,
lines, namely, A CF112, ACF157, ACF179, ACF182, ACF186, ACF222, and one F2 line,
ACF126F2 were used in the transformation studies. Media used for tissue culture and
transformation are listed in Table 3.1.
3.2.1.2 Calli and suspension cultures derived from scutella
Mature seeds were dehusked and surface-sterilized in 50% (v/v) commercial
bleach (containing 6.25 % sodium hypochlorite) for 45 min followed by 3 rinses in sterile
distilled water. Seeds were aseptically plated on Cl medium (Table3.1) for callus
induction. After 2 wks in the dark at 26 °C, primary calli initiated on the scutellar surface
o f mature seed embryos were selected and subcultured for another 2 wks on fresh Cl
medium. Unless specifically stated, the proliferated calli were then divided into small
pieces (approximately 2-3 mm in diameter) and subcultured on fresh C l medium for
another 3 days. Only actively growing, one-month-old calli were used for transformation
experiments. To investigate effect o f cell age and cell type on transformation efficiency,
2-3 mm pieces o f embryogenic calli were subcultured every 3 wks on fresh C l medium
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Table 3.1. Composition o f media for tissue culture and transformation in this study.
Medium

Composition

Cl

CC salts and vitamins (Potrykus et al. 1979), 20 g L*1 sucrose, 18.2 g
L '1 mannitol, 18.2 g L l sorbitol, 2 mg L*1 2,4-D, 7 g L‘l agarose
(Type I-A, Sigma), pH 5.8

CHU

Chu salts and vitamins (Chu et al., 1997), 20 g L'1 sucrose, 20 g L '1
sorbitol, 20 g L'1 maltose, 1 mg L '1 2,4-D, , 0.1 mg L*1 zeatin, 2 g L'
1 phytagel (Sigma), pH 5.8

R203

R2 salts and vitamins (Ohira et al., 1973), 20 g L'1 sucrose, 10 g L‘l
maltose, 560 mg L*1 proline, 1 mg L '1 2,4-D, pH5.8

AB

AB salts (Chilton et al., 1974), 5 g L*1 glucose, 15 g L'1 Bacto-agar
(Difco Laboratories), pH 7.2

LB

LB Broth (Miller, 1972), 15 g L*1Bacto-agar, pH 7.2

AAM

AA salts and amino acids (Toriyama and Hinata, 1985), MS
vitamins (Murashige and Skoog, 1962), 500 mg L'1 casein
enzymatic hydrolysate, 68.5 g L '1sucrose, 36 g L‘‘ glucose, 100 pM
Acetosyringone (31, 5'-dimethoxy-4'-hydroxy acetophenone, Aldrich
Chem, Co. U SA ), pH5.2

CI-AS

C l with 100 pM Acetosyringone, pH 5.2

CI-CH50

C l with 50 mg L‘l hygromycin B (Boehringer Mannheim), 250 mg/l
cefotaxime (Claforan, Hoechst-Russel, Germany), pH 5.8

PR1-H50

CC salts and vitamin (Potrykus et al. 1979), 1.0 g L*1 casein
hydrolysate, 20 g L l sucrose, 36.4 g L*1 sorbitol, 1 mg L'1 IAA, 0.05
mg L‘‘ zeatin ribosome, 7 g L*1 agarose, 50 mg L'1 hygromycin B, pH
5.8

PR2-H50

MS salts and vitamins (Murashige and Skoog, 1962), 20 g L*1
sucrose, 10 g L*1 maltose, 2 mg L‘l kinetin, 0.5 mg L '1 NAA, 7 g L*1
agarose, 50 mg L*1 hygromycin B, pH 5.8

RT-H50

MS salts and vitamins (Murashige and Skoog, 1962), 20 g L 1
sucrose, 2 g L '1 Phytagel (Sigma), 50 mg L~‘ hygromycin B, pH 5.8
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or suspended in a modified R2 liquid medium (Table 3.1) and cultured on a rotary shaker
(80 rpm) at 26 °C. The suspension cells were subcultured every 7 days with fresh R2
medium. Calli or suspension cultures in the logarithmic phase of growth (3-4 days after
subculture for 2 to 5 months) were evaluated in transformation experiments.
3.2.1.3 Calli and suspension cultures derived from anthers
Panicles from rice plants grown at the LSU Rice Research Station at Crowley, LA
were picked at the booting stage when raicrospores were at the mid-to-late uninucleate
stage (the flag leaf node has emerged approximately 0.5 to one inch). Panicles were
harvested generally from 9 tol 1 AM. All except the top two leaves were removed from
harvested panicles that were wrapped in moistened paper towels, placed in plastic bags,
and subjected to cold pre-treatment at 4°C for 7-10 days. The panicles were then surfacesterilized in 50% (v/v) commercial bleach (containing 6.25 % sodium hypochlorite) for
15 min. After removal o f the remaining leaves around panicles, spikelets were dissected
under sterile conditions and anthers were inoculated on CHU medium (Table 3.1) for
callus induction. After 4-6 weeks, calli o f 1-1.5 mm in diameter were subcultured on
fresh CHU medium every 3 wks or suspended and subcultured in R2 liquid medium on a
rotary shaker (80 rpm). Calli or suspension cultures in the logarithmic phase o f growth (34 days after subculture for 2 to 5 months) were tested in transformation experiments.
Primary calli for six F, lines, namely, ACF112, ACF157, ACF179, ACF182, ACF186,
ACF222, and one F2 line ACF126F2 were supplied by Dr. Qiren Chu o f the Rice
Biotechnology Laboratory, LSU Rice Research Station, Crowley, LA.
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3.2.2 Agrobacterium strain and plasmid
Agrobacterium tumefaciens strain LBA4404 (Hoekema et al., 1983) containing a
‘super-binary' vector pTOK233 (Hiei et al.,1994) was used in this experiment. This strain
has been successfully used in transformation o f rice (Hiei et al., 1994) and maize (Ishida
et al., 1995). The T-DNA of pTOK233 (Fig.3.1) contains a hygromycin-resistance gene
(hph), a kanamycin-resistance gene {npt), a GUS gene, which has an intron in the Nterminal region o f the coding sequence and is fused to the CaMV35S prom oter (Odell et
al., 1985). The intron-gus gene expresses GUS activity in plant cells, but not in cells o f A.
tum efaciens (Ohta et al., 1990).

X
Sc

NPTI
BR

TNOS

S BX

HESc
SX8 E B

GUS

HPT
Oflt

NOS

h tro n

T35S

COS

81-

Fig. 3.1. T-DNA region o f pTOK233. Abbreviations: BR, right border; BL, left border;
NPT II, neomycin phosphotransferase; GUS, P-glucuronidase; NOS, nopaline synthase
promoter, TNOS, 3' signal of nopaline synthase; T35S, 3' signal o f 35S RNA; ORI, origin
o f replication o f replication of ColEl; AmpR, ampicillin-resistance gene active in E. coli,
B, Bam H l, E, EcoRl; H, HindiII; S, Sail, Sc, Sacl, X, XbaL

3.2.3 Agrobacterium virulence induction and co-cultivation with plant tissues
Unless otherwise stated, Agrobaclerium tumefaciens LBA4404(pTOK233) was
grown for 3 days at 28 °C on AB medium (Chilton et al., 1974) supplemented with 50 mg
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L'1 hygromycin B (Boehringer Mannheim) and 15 g L*1 agar, pH 7.2. The bacteria were
collected and suspended at 1.5-2.0 x 109 cells ml*1 in pre-induction AAM medium
(Table 3.1). Calli o r suspension cultures derived from scutella or anthers were immersed
in the bacterial suspension for approximately 5 min, transferred without rinsing to co
cultivation medium CI-AS (Table 3.1), and incubated in the dark at 26 °C for 3 days.
Alternatively, calli or suspension cultures were first plated onto the co-cultivation
medium, and bacterial suspensions as inoculum were thereafter applied to targets, 10 pi
o f inoculum per calli o r approximately 1 ml per 1 gram o f cell suspensions.
3.2.4 Selection and regeneration of transformed cells
After co-cultivation, calli or suspension cultures were collected, rinsed
thoroughly with C l liquid medium containing 250 mg/1 cefotaxime (Claforan, HoechstRussel, Germany) and placed on selection medium CI-CH50. Cultures were incubated at
26 °C in darkness for up to 3 wks and transferred to fresh CI-CH50 medium for another 2
to 3 wks. At that point, actively growing, hygromycin-resistant calli were recovered,
whereas all untransformed calli were completely inhibited and turned necrotic.
Transformation frequency was defined as the percent o f hygromycin-resistant calli. To
obtain transgenic plants, embryogenic calli were selected and placed on regeneration
medium PR1-H50 o r PR2-H50 (Table 3.1.) and incubated at 26 °C under a 16 h
photoperiod. In approximately 3 wks, regenerated shoots were obtained and transferred to
rooting medium RT-H50 for 2 to 3 wks and finally transferred to soil in pots and grown
to maturity in a greenhouse.
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3.2.5 Confirmation o f stable transformants with GUS assay
To confirm that hygromycin-resistant calli on the selection medium and plantlets
regenerated from them are stable transformants rather then mutants, expression o f GUS in
rice calli, leaves, and roots of transformed plants was examined using substrate 5-bromo4-choloro-3-indolyl P-D-glucuronide (X-Glu, cyclohexylammonium salt, Gold
Biotechnology, USA) described by Jefferson et al. (1987).
3.2.6 Germination test o f R1 progeny for hygromycin resistance
Seeds collected from the selfed progeny (R1 generation) o f primary transformed
plants were dehusked, surfaced sterilized, and placed on RT medium at 26 °C in darkness
for 3 days. Only germinating seeds were transferred onto RT-H50 medium, cultured
under a 16 h photoperiod at 26 °C for 7 days, and scored for hygromycin resistance.
Those that vigorously formed roots and healthy shoots were regarded as hygromycin
resistant. R1 seedlings from 3 primary transformants were further transferred to the
greenhouse and grown to maturity.
3.2.7 Germination test of R2 progeny for hygromycin resistance and GUS
expression
Seeds from 21 selfed R1 plants were germinated to form R2 progeny. Hygromycin
resistance and GUS expression were tested and scored as described above. The
hygromycin-resistant, GUS positive seedlings were transferred to the greenhouse. After 3
wks, plants were transplanted on 24 June, 1999 to the field at the LSU Rice Research
Station, Crowley, LA.
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3.2.8 Analysis of major agronomic traits of field-grown R2 progeny
Five major agronomic traits including plant height, number o f tillers per p la n t
panicle length, number o f spikelets per panicle, and fecundity were evaluated in mature
plants. Plant height was measured from the soil surface to the tip o f the leaf on the main
stem o f each plant. Number o f tillers per plant was averaged from 3 randomly chosen
plants. Panicle length and spikelets number per panicle w ere averaged from at least 3
randomly chosen panicles from different plants. Fecundity w as expressed as the
percentage o f mature seeds over total spikelets o f at least 3 randomly chosen panicles
from different plants. Means and standard deviation were calculated.
3.2.9 Southern hybridization analysis
Genomic DNAs were extracted from leaf tissues according to Dellaporta et al.
(1984). Purified DNAs for each sample were digested with H ind i n and BamH I
separately, electrophoresed in 0.8 % (w/v) agarose gels, transferred onto Hybond-NX
(Amersham) membrane, and fixed using a UV Crosslinker (FB-UVXL-1000,
FisherBiotech) set to deliver an energy dosage o f 700 J m'2 as recommended by the
manufacturer. Membranes were prehybridized at 65 °C for 2 hours in a buffer containing
6x SSC, 0.5% (w/v) SDS, 5 x Denhardt’s solution, and 100 mg L '1 sheared, denatured
salmon sperm DNA, and then hybridized at 65 °C overnight in the same buffer containing
probes labeled with [a-32P] dCTP (3,000 Ci/mol, Amersham) using random primed DNA
labeling procedures (Feinberg and Vogelstein, 1983; Boehringer-Mannheim). A 1.1 kb
Bam H l fragment from pTRAl 51 (Fig. 2.1) was used as a probe for hph. After
hybridization, membranes were washed (Sambrook et al, 1989) and exposed to Kodak
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BioMax MS autoradiography films with a Kodak BioMax MS intensifying screen at -80
°C for 16 hours.
3.3 Results and Discussion
3.3.1 Production of hygromycin-resistant, GUS-expressing plants from scutellumderived calli inoculated with A. tum efaciens LBA4404 (pTOK233)
The first successful transformation of japonica (Hiei et al., 1994), javanica (Dong
et al., 1996) subspecies o f rice by Agrobacterium tumefaciens convincingly demonstrated
that calli induced from scutella were suitable starting materials and Agrobacterium
tum efaciens LBA 4404 (pTOK233) was the most effective strain in producing transgenic
plants from all the cultivars tested. However, the protocol described by Hiei et al.
included the use o f a series o f N6-derived media for calli induction, selection, and
regeneration. In our preliminary experiments in transformation o f one long-grain, U.S.
cultivar Cypress and even the model ja ponic genotype Taipei 309, no transgenics were
obtained even though the step-by-step protocol o f Hiei et al. (1994) and Dong et al.
(1996) were followed (data not shown), indicating that an optimized protocol must be
established for the given genotypes. Based on our successful experience in bombardmentmediated transformation o f U.S. rice lines, we adopted the media for scutellum-derived
calli induction and regeneration used in the bombardment transformation and stringent
selection using hygromycin at 50 mg L*1 rate in Agrobacterium-va&dxaX&i transformation
o f scutellum-derived calli o f two elite U.S. lines, LA9502065 and Cocodrie. In addition,
factors influencing transformation frequency such as age, size, and type o f rice cells as
target tissues, culture medium, and the inoculum density o f A grobacteria were studied.
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Fig.3.2. Proliferation o f hygromycin-resistant, GUS-expressing calli on the CI-CH50
selection medium before (a) and after (b) GUS assay. The brown tissues were
untransformed calli; light yellow tissues were transformed calli and stained by blue after
GUS histochemical assay. xlO.

A total o f 1090 calli derived from scutella o f LA9502065 and 785 calli o f
Cocodrie that have been co-cuhivated with A tum efaciens LBA4404 (pTOK233) were
immediately cultured on CI-CH50 medium containing hygromycin. After two weeks o f
exposure to hygromycin, the majority o f calli exhibited slow growth. To effectively
eliminate non-transformed cells and recover stable transformants, calli were further
transferred onto fresh CI-CH50 medium. After approximately four weeks o f selection,
proliferation o f cells on or beside necrotic non-transformed calli were observed on the
second selective medium (Fig. 3.2a). These proliferating, hygromycin-resistant cells/calli
showed evidence o f uniform expression o f GUS (Fig. 3.2b), indicating they were
transformed rather than mutants under the pressure o f hygromycin selection. Plants
were readily regenerated when the resistant calli were promptly transferred to
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Fig.3.3. GUS expression in leaf and root segments o f a transgenic RO plant derived from
LA9502065 transformed by Agrobacterium tumefaciens LBA4404. (a) leaf segment o f a
transgenic plant was stained blue (left) and no GUS expression was detected in the leaf
segment o f an unformed plant, (b) roots o f the transgenic plant exhibited strong GUS
activity (left) while no GUS expression was detected in roots o f the untransformed plant.

regeneration medium PR1-H50 or PR2-H50 that contained hygromycin. GUS assays o f
segments o f leaves or roots form regenerated plants displayed blue staining o f the entire
leaf and root segments (Fig. 3.3 a and b). The number o f calli inoculated, transformed, and
transformation frequency are given in Table 3.2. The overall transformation frequency o f
scutellum-derived calli for LA9502065 and Cocodrie were 10% and 11%, respectively. A
total o f 106 green plants for LA9502065 and 52 plants for Cocodrie were obtained. Our
results substantiated the claims o f Hiei et al. (1994) and Dong et al.(1996) that scutellumderived calli were suitable targets for transformation mediated by Agrobacterium and also
demonstrated that Agrobacterium tumefaciens LBA4404 containing the ‘super-binary’
plasmid pTOK233 is an effective strain for transformation o f the long-grain U.S. cultivar
Cocodrie and medium-grain line LA9502065.
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3.3.2 Production o f hygromycin-resistant, GUS-expressing plants from antherderived calli inoculated with A. tum efaciens LBA4404 (pTOK233)
Various tissues from rice, namely, shoot apices, segments of roots from young
seedlings, scutella or calli induced form scutella (Hiei et al., 1994; Dong et al., 1996), and
immature embryos (Aldemita and Hodges, 1996) that have been tested or used for
production o f transgenic rice plants via Agrobaclerium-mediated transformation are o f
somatic or diploid origin. Competence o f calli derived from anthers or microspores that
are o f a haploid gametic source has not been explored. Theoretically, transformation o f
haploid tissues or cells permits a higher transformation efficiency due to the absence o f
dominant-to-recessive suppression and rapid recovery o f diploid primary regenerants
bearing a homozygous transgene after spontaneous or artificial doubling o f chromosome
(Chair et al., 1996). To investigate this hypothesis, a total o f 716 calli o f LA9502065 and
606 calli o f Cocodrie were inoculated with Agrobacterium tumefaciens LBA4404
(pTOK233) and subjected to hygromycin selection under the same conditions. As a result,
a higher transformation frequency (15%) was obtained with anther-derived calli from
both LA9502065 (105/716) and Cocodrie (94/606), compared with those o f scutellumderived calli (10-11%). Plant regeneration was also obtained from those presumably
haploid, hygromycin-resistant, and GUS-expressing calli (Table3.2). However, genotypic
influence on transformation frequency was observed among 4 Rt anther cultures and one
R2 line. The transformation frequency o f anther-derived calli varied from 1%
(ACF126F2) to 28% (ACF222). In terms o f plant regeneration, albinism severely reduced
the recovery o f green transgenic rice plants. At best only 33% (20/61 for LA9502065) and

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 3.2. Number o f calli inoculated, calli transformed by Agrobacterium tumefaciens
LBA4404 (pTOK233), and plants regenerated with HygR and GUS expression._______

Genotype
Explant
LA9502065 Scutellum

No. of
calli
Exp. no. inoculated
60
1
127
2
100
3
257
4
5
282
128
6
7
219
1090
Total

No. of
HygR,
Transfer
GUS+
m-ation
callit
frequency
0.183
11
0.268
34
0.14
14
0.089
23
0.043
12
18
0.141
0.037
8
120
0.102

No. of HygR, GUS+ plants
Green
10
24
14
22
12
18
6
106

Albino
0
0
0
0
0
0
1
1

Total
10
24
14
22
12
18
7
107

Anther

1
2
3
4
5
Total

112
126
151
182
145
716

25
23
15
26
16
105

0.223
0.183
0.099
0.143
0.11
0.147

3
12
5
0
0
20

10
6
12
6
7
41

Scutellum

1
2
3
4
5
Total

129
248
124
156
128
785

11
20
13
24
21
89

0.085
0.081
0.105
0.154
0.164
0.113

5
8
11
20
8
52

0
0
0
0
0
0

13
18
17
6
7
61
0
5
8
11
20
8
52

Anther

1
2
3
4
Total

122
120
124
240
606

12
15
25
42
94

0.098
0.125
0.202
0.175
0.155

9
2
0
0
11

2
3
12
16
33

11
5
12
16
44

ACF157

Anther

ACF179

Anther

1
2
1
2
1
1
1

128
66
140
149
156
68
156

8
2
19
10
9
19
1

0.063
0.030
0.136
0.067
0.058
0.279
0.006

2
0
0
0
0
0
0

6
2
5
0
3
4
0

8
2
5
0
3
4
0

Cocodrie

ACF186
Anther
ACF222
Anther
ACF126F2 Anther

f HygR, resistance to hygromycin at 50 mg L*1; GUS+, cells appeared blue when treated
with X-Gluc substrate.
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25 % (11/44 for Cocodrie) of regenerated plants were green plants, whereas in the worst
case, no green plant was obtained for ACF179, ACF182, and ACF222. In addition, the
majority o f anther-derived plants grown in the greenhouse were sterile, which made the
genetic study o f transgenes impossible. The present study, however, for the first time
demonstrated that anther-derived calli are competent for Agrobacterium-media.ted
transformation. Problems o f albinism and sterility o f regenerated plants should be
addressed in future studies to utilize the potential advantages o f anther-derived calli as
target tissues in routine transformation work.
3.3.3 Factors influencing the efficient transformation of scutellum calli
It is clear that numerous factors are o f critical importance in the Agrobacterium mediated transformation o f rice and this multiplicity o f factors probably explains why it
was initially so difficult to apply this technology to rice (Hiei et al., 1997). The effect on
transformation frequency o f genotype and tissue types, e.g., calli derived from scutella vs.
anther, has been showed in this study (Table 3.2). Apart from those given factors, choice
o f rice tissues at the right physiological state associated with cell age, the size o f target
tissues, and bacterial virulence influenced by the culture medium and the density of
inoculum should be optimized.
3.3.3.1 Cell age and target size
Calli 4-, 8-, 12-, and 16- week-old were tested in the transformation experiment.
Transgenic calli and plants were obtained from 2-4 mm size calli of all ages tested but
few or no transgenics w ere recovered from calli o f smaller (1-2 mm), larger (> 4 mm), or
from suspension cultures (<2 mm) (Table 3.3). These results indicated callus size rather
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Cell age
(wk)
4

8

12

16

Transform
No. of
No. of calli
ation
HygR,
inoculated GUS+ calli frequency
(A) t
(A/B)
(B)
45
0.044
2
47
16
0.340
45
1
0.022

Cell type t
Calli
Calli
Calli

Calli size
(mm)
1-2
2-4
>4

Calli
Calli
Calli
Susp.

1-2
2-4
>4
<2

57
54
52
-

0

0.000

9
0
2

0.1667
0.000
-

Calli
Calli
Calli
Susp.

1-2
2-4
>4
<2

45
46
45
-

0
12
2
0

0.000

0.261
0.044
-

Calli
Calli
Calli
Susp.

1-2
2-4
>4
<2

42
48
45
-

0

0.000

10
2
0

0.208
0.044
-

No. of
HygR,
GUS+
plants (C)
2
15

Transform
ation
efficiency
(C/A)
0.044
0.319

0

0.000

•

m

12
0
1

0.267
-

-

•

12
2
0

0.261
0.044
-

•

14
1
-

0.292
0.022
-

t Calli and suspension cultures (Susp.) were derived from scutella.
| A
means not applicable.

than cell age is critical. Calli o f 2-4 mm in size were chosen due to their rapid
proliferation and embryogenic potential. The smaller calli or suspension cultures were not
suitable targets for the transformation and selection since they turned necrotic readily due
to the physical damage caused by the bacterial washing procedure after co-cultivation.
Conversely, target tissues larger than 4 mm displayed undesirable tolerance to
hygromycin and made complete elimination of untransformed cells difficult due to a
‘cross-protection’ phenomena in which untransformed cells on the top o f large tissues
were not sufficiently exposed to hygromycin.
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3.3.3.2 Composition o f medium for Agrobacterium growth and the density o f
inoculum
AB medium was specially designed for the growth o f Agrobacterium tum efaciens
and bacteriophage (Chilton et al., 1974). It has been used virtually in all Agrobacterium mediated transformation o f rice except for one report in which LB medium (Miller, 1972)
was used for the growth o f Agrobacterium tumefaciens strains LBA4404 and AGL (Wang
et al, 1997). AB medium is composed o f inorganic nutrients supplemented with glucose
which was important in the induction o f Agrobacterium virulence genes synergistically
with the phenolic inducer acetosyringone (Cangelosi et al., 1990). Conversely, LB
medium is composed o f organic components supplemented with sodium chloride as an
osmotic requirement for the growth o f Escherichia coli cells. In a comparative test, both
media were used for preparation o f Agrobacterium tum efaciens LBA4404 (pTOK233) as
inoculum, As a result, rice tissues were transformed by Agrobacteria, regardless o f the
choice o f medium (Table 3.4). However, the inoculum density affected the transformation
frequency significantly. In a range o f 0.5-2.0xl09 cells ml*1, the optimal density o f
inoculum for the highest transformation frequency was 1.5 xlO9 cells ml'1with the use of
AB medium (27%) and 2.0 x 109 cells ml'1with LB medium (11%). Transformation
frequency dropped dramatically with the reduced density o f inoculum (l.OxlO9 cells ml*1).
Zero to 1 % o f target tissues were transformed at the lowest inoculum density tested o f
0.5 xlO9 cells ml*1. Therefore, careful preparation o f Agrobacterium inoculum at a
optimal density for a given medium is o f critical importance for a routine, reproducible
rice transformation system mediated by Agrobacterium. Similar findings were observed
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Table 3.4. Effect o f culture medium o f Agrobacterium and the density o f i n o c u l u m on
transformation frequency o f rice scutellum-derived calli (LA9502065)._____________
Medium
AB

LB

2.0
1.5
1.0
0.5

Inoculum
density
(cells ml'0 t
2.0x10*
1.5x10*
1.0x10*
0.5x10*

No. of calli
inoculated
(A)
54
67
84
82

2.0
1.5
1.0
0.5

2.0x10*
1.5x10*
1.0x10*
0.5x10*

74
86
80
75

O D *k

No. of HygR, Transformation
GUS+ calli (B) frequency (A/B)
10
0.185
18
0.269
7
0.083
0

0 .0 0 0

8
7
4
1

0.108
0.081
0.050
0.013

f Agrobacterium cells were collected from AB or LB plates and then suspended in
AAM medium; Readings were estimated based on 0.1 ODS9S being roughly equivalent
tolO* cells ml*1 (Ausubel et al., 1992).

in Agrobacterium -m ediated transformation o f maize (Ishida et al., 1996) and barley (Wu
et al., 1998).
3.3.4 Characterization o f transgenic plants in RO and R1 generations
A total o f 158 independent, hygromycin-resistant, GUS-positive plants o f
LA9502065 (106) and Cocodrie (52) from scutellum-derived calli infected with
LBA4404 (pTOK233) were grown in a greenhouse in the Fall o f 1998. Virtually all plants
were morphologically normal, but a majority (90 %) produced few or no seeds. Reasons
for the sterility could be classified as genetic factors associated with the transformation
and tissue culture or merely environmental conditions. Unfavorable greenhouse
conditions and severe sheath rot (Sarocladium oryzae) disease and rice stink bug
(iOebalus pugnax) infestation were apparently major factors responsible for sterility. This
was evidenced by the fact that R1 progeny o f poor seed-setting transgenic plants
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produced as many seeds as untransformed parental plants by self-pollination in Spring
1999.
A total o f 33 independent, hygromycin-resistant, GUS-positive plants o f
LA9502065 (20), Cocodrie (11), and ACF157 (2) from anther-derived calli infected with
LBA4404 (pTOK233) were grown in a greenhouse under the same environmental
conditions as in Fall 1998. A majority (79%) of the plants exhibited morphological
aberrations, such as dwarfism and twisted panicles. In terms o f fertility, complete to
partial fertility was observed. One reason for sterility could be the haploid nature o f some
plants that had not undergone the spontaneous chromosomal doubling.
3.3.5 Southern blot hybridization analysis
Integration o f the introduced hph gene into the rice genome was confirmed by
Southern blot hybridization using the 1.1 kb fragment o f pTRA151 (Zheng et al., 1991) as
hph probe. Genomic DNA o f RO plants representative o f 3 independent lines (804-2, 8263, and 826-4) and their R1 progeny plants were digested with H ind HI and BamH I
restriction enzymes As shown in Fig 3.1, digestion o f the T-DNA region o f pTOK233
with H ind III conveniently cleaves the DNA into three fragments. The center fragment
corresponds to a 3.1 kb region that covers the 35S-IG-NOS gene cassette, while the other
fragments extend beyond the right and left T-DNA borders. However, there is no H in d
m restriction site in the fragment containing hph gene within the left border. It was well
documented that T-DNA integrates into plant genome with defined ends o f left and right
25-bp border repeats (Hiei et al., 1994). As a result, hybridization o f hph probe to
genomic DNA digested with H ind HI permits an estimation o f independent integration
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events based on the size/number o f hybridization bands. Two bands were detected in Line
804-2 and its progeny, whereas only one band was found in Lines 826-3, 826-4 and their
progeny (data not shown). The left border analysis indicated the presence of two T-DNA
inserts for Line 804-2 with its progeny and a single copy for Lines 826-3, 826-4, and their
progeny. In contrast, digestion o f T-DNA with BamH I releases only a 1.1 kb fragment
covering the hph coding sequence. It was found in this study that hybridization of hph
probe to genomic DNA digested with BamH I revealed only a common band sized 1.1 kb
among all transgenic rice lines (804-2, 826-3, and 826-4) and their R1 progeny, whereas
no band was present for the wild type (data not shown). This further demonstrated that
the transgene in T-DNA o f pTOK233 was integrated into rice genome via
Agrobacterium-mediated transformation.
3.3.6 Inheritance o f the hph and GUS gene
3.3.6.1 Segregation of hygromycin resistance in R1 and R2 generations
The selfed progeny (R l and R2 generations) were evaluated for resistance to
hygromycin and GUS expression. The patterns of segregation for hygromycin resistance
of 3 independent R l lines and 21 R2 lines were shown in Table 3.5. Resistant and
sensitive seedlings were clearly distinguishable on the rooting medium that contained
hygromycin. A segregation ratio o f 9:7 was observed for Line 804-2 and its progeny lines,
indicating existence o f two partial dominant, but complementary loci in the rice genome.
This was consistent with the insert copy number (2) estimated by Southern blot analysis
for this line. A segregation ratio o f 3:1 was observed in Line 826-3 and its R2
generations, indicating the hph gene was transmitted to its progeny as a single dominant
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Table 3.5. Segregation for hygromycin resistance in R l and R2 transgenic LA9502065
lines and GUS expression in HgyR progeny.___________________________________

Generationt Line
Rl
804-2
R2
804-2-1
804-2-2
804-2-3
804-2-4
804-2-5
804-2-7

No. of
seedlings
tested
11
36
17
46
32
15
35

No. of
HygR
seedlings
7
20
11
33
1
9
28

No. of
HygS
seedlings
4
16
6
13
31
6
7

X2
ra tio t
9:7
9:7
9:7
3:1
9:7
3:1

X2
values
0.244
0.007
0.494
0.261
0.086
0.467

No. of
HygR
seedlings
assayed
for GUS
7
20
11
33
1
9
11

No. of
GUS+
seedlings
7
20
11
33
1
9
11

Rl
R2

826-3
826-3-1
826-3-2
826-3-4
826-3-6

9
35
37
37
33

6
30
27
25
27

3
5
10
12
6

3:1
3:1
3:1
3:1
3:1

0.333
2.143
0.081
1.090
0.818

6
24
18
17
11

6
24
18
17
11

Rl
R2

826-4
826-4-1
826-4-2
826-4-3
826-4-4
826-4-5
826-4-6
826-4-7
826-4-8
826-4-9
826-4-10
826-4-11

15
36
37
39
30
34
33
32
32
34
36
33

12
30
37
33
29
34
21
19
24
20
24
19

3
6
0
6
0

3:1
3:1
stable
3:1
stable
stable
9:7
9:7
3:1
9:7
3:1
9:7

0.200
1.333
1.923
0.732
0.127

3
21
16
22
5
8
5
12
20
10
11
7

3
21
16
22
5
8
5
12
20
10
11
7

308

308

0

12
13
8
14
12
14

0.000

0.092
1.333
0.024

Total

t Best Chi square ratio o f those tested; A
indicates segregation did not fit any known
ratio.‘stable’ indicates the corresponding line is homozygous to hph gene.
X df=l, X^S.841 at the 0.05 probability level.

gene. The segregation ratio o f Line 826-4 and its progeny (4/11) also fit a 3:1 model for
single dominant gene inheritance, however, an abnormal ratio (9:7) was also observed in
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4 R2 lines. In these cases it seemed likely that the hph gene expression was being silenced
in some R2 progeny.
3.3.6.2 Gene silencing in R2 progeny o f the transgenic line 804-2
To investigate co-expression o f the linked GUS gene in Rl and R2 generations, all
hygromycin-resistant seedlings were tested for GUS gene expression. All (308/308)
hygromycin-resistant plants were GUS positive (Table 3.5), indicating hph was a reliable
selection marker gene for the recovery o f its-linked transgene co-integrated into the rice
genome via Agrobacterium-medlaled transformation. However, in another case study o f
co-expression o f the hph and GUS genes in transgenic rice line 804-2, preferential
silencing o f the hph gene expression was observed in R2 progeny. That was observed by
GUS expression in hygromycin-sensitive seedling (Fig. 3.4). In a total o f 146 seedlings

Fig.3.4. GUS expression in hygromycin-sensitive seeds o f R2 progeny o f Line 804-2
derived from LA9502065 transformed by Agrobacterium tumefaciens LBA4404
(pTOK233), indicating preferential silencing o f the hph gene expression.
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Table 3.6. Silencing o f hygromycin-resistance gene (hph) expression in R2 progeny o f the
transgenic line 804-2 derived from LA9502065.____________________________________
No. o f
HygRr
HygS
HygS
seedlings
HygR
GUS+
GUS+
GUSLine
tested
GUS14
804-2-1
20
36
0
2
4
17
2
804-2-2
11
0
46
804-2-3
33
0
1
12
31
0
804-2-4
1
0
32
3
9
3
15
804-2-5
0
74
0
39
33
146
Total
t HygR, hygromycin-resistant; HygS, hygromycin-sensitive; GUS+, expressing GUS;
GUS-, not expressing GUS.

tested, apart from 74 hygromycin-resistant seedlings being GUS-positive as expected,
27% (39/146) seedlings were found hygromycin-sensitive but GUS-positive (Table 3.6),
indicating expression o f the hph gene was silenced. Transgenic rice lines with high copy
number o f the hph gene were found prone to gene silencing (Wang et al., 1997). That was
more or less substantiated by the present study since two loci containing at least two
insert copies o f hph gene were present in transgenic line 804-2, based on Southern blot
analysis and segregation o f hygromycin resistance in R1 and R2 generation (Table 3 .6).
Methylation o f cytosine residues was believed responsible for transgene silencing because
silenced transgenes could be reactivated by treatment with 5-azacytidine, an inhibitor o f
methylation o f cytosine (Kumpatla et al., 1997; Kohli et al., 1999). Moreover, Kohli et
al.(1999) reported that methylation o f cytosines may not spread to adjacent regions, hence
other transgenes in the vicinity of the silenced transgene remain active. This was
consistent with results observed in the present case study.
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3.3.7 Field evaluation o f transgenic rice plants in the R2 generation
Five major agronomic traits o f 92 progeny plants from 16 R2 lines were evaluated
and compared with those o f wild-type parental plants (Table 3.7). The results
demonstrated that Agrobacterium-Xxansformed rice plants exhibited normal phenotypes
including fertility in the field. One R2 line 804-2-1 showed low plant height (66.0 cm),
short panicle length (17.0 cm), and low number o f spikelets per panicle (111.8).
However, this dwarf transgenic line had a normal number o f tillers (14.7) and set seeds

Table 3.7. Mean values for height, tillers per plant, panicle length, spikelets per panicle,
and fecundity for wild-type and 16 transgenic lines derived from Agrobacterium
transformation, June 24-September 3, 1999, Rice Research Station, Crowley, LA.
No. of
No. of tillers Panicle length spikelets per
panicle
per plant
(cm)
23.7 (3.36) 164.0 (18.25)
11.7(1.53)

No. of plants
examined
3

Heightt
(cm)
84.3 (3.21)

804-2-1

10

66.0 (2.05)

14.7(4.14)

17.0 (0.93)

111.8(24.39) 35.2 (13.80)

826-3-1
826-3-2
826-3-4
826-3-6

11
5
4
5

89.0 (4.07)
90.4(5.17)
97.5 (3.69)
98.4 (3.78)

12.0 (1.00)
12.0 (2.64)
13.3 (1.52)
23.0 (6.24)

23.3 (1.52)
23.4 (2.63)
22.5 (1.25)
21.8 (1.64)

220.0 (17.95) 32.7 (11.34)
282.4 (17.33) 42.7 (17.35)
233.0 (31.14) 46.1 (3.22)
224.2 (43.28) 61.0 (6.22)

826-4-1
826-4-2
826-4-3
826-4-4
826-4-5
826-4-6
826-4-7
826-4-8
826-4-9
826-4-10
826-4-11

4
11
3
10
11
3
3
3
3
3
3

82.8 (2.75)
87.4 (1.50)
98.0 (2.64)
94.9 (3.57)
90.4 (6.85)
97.0 (1.73)
89.7(2.31)
92.0 (2.00)
94.7 (208)
90.7 (8.50)
90.0 (2.00)

10.0 (1.00)
12.7 (1.53)
15.0 (2.64)
15.3 (3.06)
16.3 (2.08)
16.0(3.61)
12.0 (1.73)
7.7 (2.08)
13.7 (3.21)
9.0 (1.73)
11.3 (3.05)

19.3 (1.44)
18.8 (1.95)
23.1 (0.85)
23.7 (2.32)
21.9 (0.22)
26.4 (1.87)
23.4 (2.21)
24.4 (1.96)
22.7 (1.04)
23.7 (2.52)
23.5 (1.70)

181.8 (16.92)
185.2 (61.85)
226.0 (22.00)
219.4 (28.01)
243.3 (31.17)
244.7 (22.74)
195.3 (68.57)
198.0 (22.65)
215.7 (20.03)
255.7 (21.93)
180.3 (35.80)

Line
Wild-type

t Mean o f individual line; Standard deviation are indicated in parentheses.
J Fecundity was calculated as percentage of fertile seeds in the whole panicle.
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Fecundity

(%) X
14.0 (3.32)

55.3 (16.00)
42.6 (21.46)
24.7 (9.39)
57.4 (6.90)
40.7 (13.90)
28.5 (19.20)
19.2 (7.40)
45.7 (5.23)
37.9 (9.53)
46.1 (19.74)
33.6 (3.23)

normally. Four R2 lines o f 826-3 and 11 R2 lines o f 826-4 showed higher plant height
(87.4-98.4 cm) and larger numbers o f spikelets per panicle (180-280) that contrasted
favorably with low plant height (84.3 cm) and small number o f spikelets per panicle (164)
for the wild-type plants. Fecundity o f the transgenic rice lines were also satisfactorily
higher than that o f the wild-type plants under the given field conditions. No sterile plants
were observed. Test plots should be conducted in the future to further evaluate field
performance o f these transgenic rice lines.
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CHAPTER 4. PRODUCTION OF GLUFOSINATE-RESISTANT RICE VIA
PARTICLE BOMBARDMENT OF HAPLOID, ANTHER-DERIVED
CALLI AND CELL SUSPENSIONS

4.1 Introduction
Production o f transgenic rice (Oryza sativa) has been reported by various
researchers using particle bombardment technology (see review by Christou, 1997).
However, in most rice transformation reports, the target cells were immature embryos
(Christou et al., 1991; Cooley et al., 1995; Li et al., 1993), immature embryo-derived calli
(Wu et al., 1997), mature seed-derived calli (Chen et al., 1998; Ghosh Biswas et al., 1998;
Sivamani et al., 1996) or suspension cells (Cao et al., 1992; Zhang et al., 1996) which
were o f somatic or diploid origin. Virtually all o f these cultured cells carry tw o or more
copies o f their genes which may reduce efficiency for the expression o f engineered traits.
In addition, segregation o f transgenes in the progeny o f primary transformants, regardless
o f its pattern o f Mendelian or non-Mendelian inheritance, makes immediate recovery o f
homozygous transgenic plants impossible. Conversely, transformation o f haploid cells o f
anther or microspore origin has the theoretical advantage o f permitting a higher efficiency
for the expression o f transgenes and rapid recovery alter chromosome doubling o f haploid
primary regenerants bearing a homozygous transgene (Chair et al., 1996).
Production o f transgenic plants from bombardment of microspores, pollens,
microspore-derived embryos or anther-derived calli have been reported in canola
(Brassica napus) (Chen and Beversdorf, 1994), wheat ( Triticum aestivum) (Jahne et al.,
1994), N icotiana rustica (Nishihara et al., 1995; Stoger et al., 1995), maize (Zea mays)
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(Wan et al., 1995), barley (Hordeum vulgare) (Wan and Lemaux, 1994; Yao et al., 1997),
and rapeseed (Brassica napus) (Fukuoka et al., 1998). The transformation o f microsporederived cell suspension protoplasts o f rice by polyethylene glycol (PEG) mediated gene
transfer produced diploid transgenic plants, and both homozygous and hemizygous
integration o f transgenes were confirmed (Chair et al., 1996). The competence o f antherderived embryogenic calli for Agrobacterium-mediated transformation were also
demonstrated in our previous studies (unpublished data). However, there is no report to
date o f production o f transgenic rice plants via particle bombardment o f haploid, antheror microspore-derived cells as target tissues. The objectives o f the present study are to
evaluate competence o f anther-derived cultures as target tissues for particle
bombardment-mediated transformation, and to simultaneously develop herbicide
glufosinate-resistant transgenic rice plants for elite U.S. breeding lines.
4.2 Materials and Methods
4.2.1 Rice genotypes and culture media
Media used for tissue culture and transformation are listed in Table 4.1. Seven
long-grain breeding lines, namely, LA9502002, LA9502008, 96URN048, 96URN082,
96URN085, 96URN091, and 96U R N I15, three medium-grain lines, LA9502065,
96URN128, and 96URN131 (Table 4.2) were used for callus induction directly from
anthers. Primary calli derived from anther culture o f other lines, 7047H1, 7215H1, 1088,
and Ti304Hl and anther-derived cell suspensions o f 7845, 7631 were supplied by Dr.
Qiren Chu, the Rice Biotechnology Laboratory o f the LSU Rice Research Station,
Crowley, LA.
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Table 4.1. Composition o f media for rice anther culture and transformation in this study.
Medium

Composition

Cl

CC salts and vitamins (Potrykus et al. 1979), 20 g L 1 sucrose, 18.2 g
L*1 mannitol, 18.2 g L '1 sorbitol, 2 mg L'1 2,4-D, 7 g L*1 agarose
(Type I-A, Sigma), pH 5.8

CHU

Chu salts and vitamins (Chu et al., 1997), 20 g L*1 sucrose, 20 g L'1
sorbitol, 20 g L '1 maltose, 1 mg L '1 2,4-D, , 0.1 mg L l zeatin, 2
g L*1 phytagel (Sigma), pH 5.8

R203

R2 salts and vitamins (Ohira et al., 1973), 20 g L'1 sucrose, 10 g L'1
maltose, 560 mg L 1 proline, 1 mg L'1 2,4-D, pH5.8

CHU-H50

CHU with 50 mg L*1 hygromycin B (Boehringer Mannheim), pH 5.8

PR2-H50

MS salts and vitamins (Murashige and Skoog, 1962), 20 g L*1
sucrose, 10 g L*1 maltose, 2 mg L*1 kinetin, 0.5 mg L*1 NAA, 7 g L'1
agarose, 50 mg L*1 hygromycin B, pH 5.8

RT

MS salts and vitamins (Murashige and Skoog, 1962), 20 g L‘l
sucrose, 2 g L*1 Phytagel (Sigma), pH 5.8

RT-H50

RT with 50 mg L*1 hygromycin B, pH 5.8

RT-B4

RT with 4 mg L*1 bialaphos, pH 5.8

4.2.2 Calli and suspension cultures derived from anthers
Panicles from rice plants grown at the LSU Rice Research Station at Crowley, LA
were picked at the booting stage when microspores were at the mid-to-late uninucleate
stage (the flag leaf node has emerged approximately 0.5 to one inch). Panicles were
harvested generally from 9 to l 1 AM. All except the top two leaves were removed from
harvested panicles that were wrapped in moistened paper towels, placed in plastic bags,
and subjected to cold pre-treatment at 4°C for 7-10 days. The panicles were then surfacesterilized in 50% (v/v) commercial bleach (containing 6.25 % sodium hypochlorite) for
15 min. After removal o f the remaining leaves around the panicles, spikelets were

89

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

dissected under sterile conditions and anthers were inoculated on CHU medium or Cl
medium (Table 4.1) for callus induction. After 5-6 weeks, calli o f 1-1.5 mm in diameter
were subcultured on fresh CHU medium every 3 wks or suspended and subcultured in R2
liquid medium on a rotary shaker (80 rpm). Calli or suspension cultures in the logarithmic
phase o f growth (3-4 days after subculture for 2 to 5 months) were tested for
transformation experiments. Since the preparation o f primary calli derived from anthers is
rather season- and environment-dependent, as well as labor intensive, calli and cell
suspension subcultured at a different times were used to study the effect o f cell age o f
anther cultures on transformation efficiency.
4.2.3 Plasmid used for bombardment
Plasmid pPAT63 was used for bombardment o f haploid targets in this
experiments. pPAT63 is a derivative from the plasmid pB2/35SAcK (Hoechst Schering
AgrEvo) which contains a synthetic p a t gene (Eckes et al., 1989) encoding
phosphinothricin acetyltransferase (PAT) that inactivates phosphinothricin (PPT), active
ingredient o f the herbicide glufosinate (trade names Liberty, Basta, Ignite, Finale). To
facilitate selection o f transformants with hygromycin B, a 1.7 kb Hind m fragment
containing a mutated version o f the hph gene from plasmid pTR A l 51 (Zheng et al. 1991)
was cloned into a unique H ind HI site o f pB2/35AcK by the author. The size of pPAT63
is 5.8 kb.
4.2.4 Optimization o f particle bombardment
The helium-driven Biolistic PDS- 1000/He (Bio-Rad) system was used in all
experiments. Plasmid DNAs were coated onto gold particles (1 pm in size) according to
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Sanford et al.(1992). For anther-derived calli, approximately 30 embryogenic calli (2-3
mm in diameter) were placed evenly into a 100 x 15 mm plastic petri dish containing 25
ml of fresh CHU medium one day prior to bombardment. For routine bombardment, the
distance from repture disc to macro-carrier, from macro-carrier to stopping screen, and
from stopping screen to target tissues was 1,1, and 9 cm, respectively. The rupture disc
strength was 1,100 psi and vacuum pressure of the bombardment chamber was 0.09 MPa
(27 in Hg). Bombardment was conducted once per petri dish. For cell suspensions, the
effect o f bombardment distance from the stop screen to target plate (6, 9, and 13 cm) on
transformation frequency was tested.
4.2.5 Osmotic treatment o f cell suspensions
Due to the distinct characteristics o f cell suspensions, such as small size and
active growth, two different methods for osmotic treatment prior to bombardment were
carried out as follows. For the first method, cell suspensions were collected with a spatula
and spread evenly onto one piece o f dry sterilized 5-cm Whatman #4 filters (Whatman
Laboratory Division, England) in an empty Petri dish. The dishes were sealed with
parafilm and kept at 25 °C for 6, 12, or 24 hours. For the second method, cell suspensions
were plated onto a filter pre-set on 1.0% agarose-solidified CHU medium and cultured for
2, 7, or 14 days prior to bombardment. Partially dehydrated or pre-cultured cells were
transferred onto the center o f 100 x 15 mm Petri dishes containing 25 ml o f CHU
medium and bombarded once per dish.
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4.2.6 Selection and regeneration of transformants
One day after bombardment, embryogenic calli or filters carrying cell suspensions
were transferred to CHU-H50 medium supplemented with hygromycin B (Boehringer
Mannheim). Calli or cell suspensions set on filters were subcultured on the same fresh
selection medium at three weeks intervals. After approximately 6 wks o f selection,
hygromycin-resistant calli were recovered among necrotic untransformed cells and
transferred to PR2-H50 regeneration medium (Table 4.1). In approximately 2 wks, shoots
or plantlets were recovered and transferred into Magenta boxes (Sigma) containing RTB4 rooting medium (Table 4.1). Plantlets 7-10 cm high with vigorous root development
were transferred to potting soil in a greenhouse and designated as R0 plants.
4.2.7 Glufosinate application to RO plants in the greenhouse
Putative transgenic rice plants grown to the third- or fourth leaf stage in the
greenhouse were tested for response to glufosinate herbicide (200 g L'1 PPT, Hoechst AG,
Germany) by spraying with a 1.0 % (v/v) solution plus 0.1 % (v/v) Tween 20. The actual
concentration o f PPT used was 2000 mg L*1. Resistant and susceptible plants were scored
7 DAT. Plants that survived were grown to maturity in the greenhouse.
4.2.8 Glufosinate application to R1 progeny in the greenhouse
Seeds collected from the selfed progeny (R1 generation) o f 9 fertile, primarily
transformed plants o f LA9502065 and 4 fertile transgenic plants o f 7845 were directly
sown in potted soil in the greenhouse. After approximately 3 wks, plants at 3-4 leaf
stage were sprayed with glufosinate at 2000 mg L'1. Herbicide resistance was scored 7
DAT.
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4.2.9 Southern hybridization analysis
Genomic DNAs were extracted from leaf tissues according to Dellaporta et al.
(1984). Purified DNAs for each sample were digested with EcoR I, electrophoresed in 1.0
% (w/v) agarose gels, transferred onto Hybond-NX (Amersham) membrane, and fixed
using a UV Crosslinker (FB-UVXL-1000, FisherBiotech) set to deliver an energy dosage
o f 700 J m'2 as recommended by the manufacturer. Membranes were prehybridized at 65
°C for 2 hours in a buffer containing 6x SSC, 0.5% (w/v) SDS, 5 x Denhardt’s solution,
and 100 mg L'1 sheared, denatured salmon sperm DNA, and then hybridized at 65 °C
overnight in the same buffer containing probes labeled with [a-32?] dCTP (3,000 Ci/mol,
Amersham) using random primed DNA labeling procedures (Feinberg and Vogelstein,
1983 ; Boehringer-Mannheim). A 0.45 kb Sma I fragment from pPAT63 (Fig. 2.1) was
used as a probe for p a t. After hybridization, membranes were washed (Sambrook et
al, 1989) and exposed to Kodak BioMax MS autoradiography films with a Kodak BioMax
MS intensifying screen at -80 °C for 16 hours.
4.3 Results and Discussion
4.3.1 Preparation of embryogenic calli and cell suspensions from anther cultures
One o f the prerequisites for successful transformation is preparation o f a large
quantity o f actively growing and regenerable target tissues. To exploit the potential o f
haploid anther cultures as target tissues for production o f transgenic rice plants via
particle bombardment, a total o f 34,440 anthers from 10 U.S. rice lines were plated on
CHU or Cl medium for callus induction (Table 4.2). Anthers were cultured at 26 °C in the
darkness. In approximately 35-40 days, a large quantity o f embryogenic calli (1502
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Table 4.2. Effect o f medium on callus induction from anthers.
No. o f
anthers
No. o f calli
Medium
obtained
Genotype
No. of dishes inoculated t
48
13
1560
LA9502002 CHU

Callus
induction
rate, %
3.1

LA9502008

CHU
Cl

57
6

6840
720

164
1

2.4
0.1

96URN048

CHU

6

720

18

2.5

96URN082

CHU

39

4680

66

1.4

96URN085

CHU
Cl

6
2

720
240

27
0

3.7
0

96URN091

CHU
Cl

17
2

2040
240

18
0

0.9
0

96URN115

CHU
Cl

4
2

480
240

15
2

3.1
0.9

LA9502065

CHU
Cl

95
10

11400
1200

855
11

7.5
0.9

96URN128

CHU
Cl

4
2

480
240

41
0

8.5
0

252
10.5
2400
20
CHU
0
240
0
2
Cl
t Number of anthers inoculated was the product o f number o f dishes and 120 anthers per
dish.
96URN131

calIi/31,260 anthers) w ere obtained from anthers plated on CHU medium. The callus
induction rate varied from 0.9% (96URN091, a long-grain line) to 10.5% (93IRN131, a
medium-grain line), w ith an overage o f 4.8%. In comparison, none or few calli (14
calli/3180 anthers) w ere induced from anthers plated on C l medium which was used for
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production a large quantity o f embryogenic calli from scutella in our previous
experiments. These results indicated that choice o f a suitable medium depending on the
type o f explants used is o f critical importance in preparation o f target tissues. CHU
medium (Chu et al., 1997) was proved suitable for induction o f embryogenic calli from
anthers o f U.S. rice lines.
Due to the season- and environment-dependence o f anther sources, primary calli
were further subcultured every three weeks on CHU medium for all ten lines tested. Calli
of LA9502065 and LA9502008 were transferred to R203 liquid medium (Table 4.1) to
initiate cell suspensions. Proliferation o f cell clusters were obtained after four weeks o f
subculture in R203 medium. For long-term maintenance o f embryogenic cells, cell
suspensions were subcultured weekly.
4.3.2 Bombardment o f calli and cell suspensions and selection of transformed cells
Embryogenic calli and cell suspensions placed on filters were bombarded with
gold particles coated with plamsid DNA o f pPAT63. The plasmid contained the hph gene
and a synthetic p a t gene conferring resistance to hygromycin antibiotic and glufosinate
herbicide, respectively. Both genes were driven by the cauliflower mosaic virus (CaMV)
3SS promoter. Based on our previous experiments in bombardment of scutellum-derived
calli, selection for hygromycin resistance took at least two weeks less than selection for
bialaphos. To reduce the selection period and possible somaclonal variation, hygromycin
B was used as the selective agents. Bombarded calli or cell suspensions on filters were
transferred and subcultured on selection medium containing 50 mg L'1 hygromycin. The
growth o f bombarded callus pieces and cell suspensions on the first selection medium
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was severely inhibited. On the second selection medium, most untransformed callus
pieces and cell suspensions showed necrosis, whereas transformed showed proliferating
sectors. To eliminate the remaining untransformed cell clusters, the growing cells were
isolated from the other bombardment explants and subjected to further selection on fresh
hygromycin-containing medium. The majority o f growing cells survived the stringent
selection and proliferated to form hygromycin-resistant (HygR), embryogenic calli. The
growth rates o f the HygR calli on selection medium were similar to those o f
untransformed calli on non-selection medium. No HygR calli were observed to grow out
of non-bombarded control cells after subject to the same selection pressure. These HygR
calli were readily regenerated into plantlets in approximately 2-3 wks after transferred
onto PR2-H50 medium. A comparative test revealed that the stringent selection as
described above was essential for efficient recovery o f stable transformants from
bombarded cell suspensions, because few or one stable, HygR calli were obtained when
selection for hygromycin resistance was delayed for longer than a week postbombardment or if hygromycin concentration was reduced to 25 mg L'1.
4.3.3. Osmotic enhancement of stable transformation of rice cell suspensions
In a pilot experiment (data not shown) with Line 7845, actively-growing cell
suspensions without dessication pretreatment exhibited an undesirable response to
particle bombardment. Bombarded cell suspensions turned brown and necrotic even when
plated on hygromycin-free medium. It was apparent that those untreated cell suspensions
were more sensitive to the physical injury associated with particle bombardment than
callus pieces. It was postulated that plasmolyzed cells may be less likely to extrude their
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protoplasm following penetration o f the cell by particles (Armaleo et al., 1990; Sanford et
al., 1992). For this reason, osmotic treatment enhancing stable transformation o f Zea
mays (A188 x B73) cell suspensions was developed by Vain et al. (1993). The initial
osmotic treatment consisted o f placement of cell suspensions on as osmoticum-containing
medium (0.2 M sorbitol and 0.2 M mannitol) 4 h prior to and 16 h after bombardment. If
the osmotic enhancement o f transient and stable transformation in the previous study
(Vain et al. 1993) was truly due to induction o f plasmolysis o f the cells which reduced
cell damage by preventing extrusion o f the protoplasm from bombardment cells, then
other treatments inducing plasmolysis should have similar effect. Two simple partial
desiccation or dehydration treatments were tested for their effect on stable transformation
in the present study. The first treatment consist o f placing cell suspensions or calli on a
piece o f dry filter paper and inducing plasmolysis o f target cells by partial dehydration for
6-24 hours. This simple treatment was previously proved conductive to plant regeneration
o f rice calli ( Jain et al., 1996; Ranee et al., 1994; Tsukahara and Hirosawa, 1992). The
second treatment was placing cell suspensions on callus induction CHU medium
containing a higher agarose concentration (1.0% w/v) for 2-14 days because that triggered
a mild plasmolysis o f cell suspensions and resurrection o f numerous embryogenic minicalli, which are ideal target tissues for particle bombardment. As a result, in terms o f
number o f transformed calli per filter bombarded, a 7.6 to 12.7-fold increase of stable
transformation over the control was obtained by dehydration o f cells on a piece o f
Whatman filter for 6-to 12 h (Table 4.3). A prolonged (24 h) treatment did not enhance
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Table 4.3. Effect o f osmotic treatment on stable transformation o f rice anther-derived cell
suspensions via particle bombardment (LA9502065)._______________________________
No. o f
No. o f filters
No. o f HygR transformed calli
Treatment
bombarded
Time
calli
per filter
12
Control
Oh
3
0.3
Dehydration on Whatman filter
6h
12 h
24 h

24
12
12

54
45
21

2.3
3.8
1.8

Pre-culture on 1.0% Agarose CHU medium
14
2d
7d
12
14 d
12

20
62
23

1.4
5.2
1.9

the beneficial effect; on the contrary, overdue dehydration o f cell suspensions on
W hatman filter led to an unrecoverable loss o f cell viability (data not shown). Similarly,
pre-culture o f cell suspensions on 1.0% agarose solidified CHU medium for 2 to 14 days
enhanced stable transformation by 4.6- to 17.3-fold. Prolonged culture on 1.0% agarose
medium for two weeks prior to bombardment resulted in overgrowth o f cell clusters and
reduced transformation efficiency. These results demonstrated that osmotic treatments
dramatically enhanced stable transformation o f rice cell suspensions. The optimal osmotic
treatment for a high efficiency transformation o f rice anther-derived cell suspensions was
preculturing them on 1.0% agarose-solidified CHU medium for 7 days or partial
dehydration o f cell suspensions on one piece of Whatman filter for 12 hours prior to
bombardment.
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4.3.4 Effect of bombardment distance on stable transformation of cell suspensions
Bombardment distance specifically refers to the distance between the stop screen
and target. Three different distances, i.e., 6, 9, and 13 cm preset in the BioRad
PDS/HelOOO biolistic system, were evaluated for the stable transformation. For two cell
suspension lines tested, 784S and 7631, the highest numbers of transformed calli (3.3 and
5.3 HygR-calli/filter) were obtained by bombardment with the shooting distance o f 13
cm, given the other parameters are fixed as described in the section o f Materials and
Methods, indicating the bombardment distance must be optimized depending on the type
o f target tissue. In our previous experiment, 9 cm was found optimal for bombardment o f
scutellum-derived calli, whereas 6 cm was used for successful bombardment-mediated
transformation o f barley microspore (Jahne et al., 1994) and immature embryos (Wan and
Lemaux, 1994).

Table 4.4. Effect o f bombardment distance on stable transformation o f rice antherderived cell suspensions._________________________________________________
Shooting
No. o f
distance
No. o f HygR transformed calli
No. o f filters
calli
(cm)
per filter
Genotype
bombardedt
6
2
7845
3
0.7
5
9
3
1.7
10
13
3.3
3
6
1
0.3
3
5
9
1.7
3
16
5.3
13
3
f Approximately one gram fresh weight o f cell suspensions were plated evenly in the
center o f each filter.
7631
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4.3.5 Effect o f cell age on stable transformation and recovery of transgenic plants
The suitability o f any type o f target tissues including anther-derived calli or cell
suspension is limited by multiple factors. One critical factor is cell age, because the
regeneration capacity o f cells gradually declines during maintenance, and the risk o f
somaclonal variation increases with the length o f time in culture (Jahne et al., 1994).
Albinism, phenotypic abnormalities, or reduced fertility have been reported for transgenic
maize (Gordon-Kamm et al., 1990), wheat (Vasil et al., 1992), oat (Somers et al., 1992),
barley (Wan and Lemaux, 1994), and rice (Jiang et al., unpublished). Our previous
studies demonstrated that cell age between 1 and 4 months had negligible influence on
competence o f scutellum-derived calli for Agrobacierium-mediated transformation.
Similarly, calli aged 2 to 6 months and cell suspensions aged 4 to 7 months yielded
comparable numbers o f stable transformants (Table 4.5). However, more (45) albino but

Table 4.5. Effect o f cell age on stable transformation and recovery of transgenic plants
(LA9502065)._____________________________________________________________
No. o f
No. of transgenic plants
No. of
No. of transform
ed calli
Cell age
filters
HygRTarget
(month) bombarded
per filter
Albino
Green
Fertile
calli
type
0
3
6
0.5
2
Calli
2
3
0
10
0.4
3
4
2
1
0
3
4
0.9
6
12
11
2
5
1
5
12
13
1.1
4
4
0
0.7
6
12
8
2
6
8
2.5
2
4
20
Cell susp.
10
0
2.4
2
10
5
24
14
0
5
6
18
35
1.9
13
0
0
15
7
32
2.1
45
33
9
103
150
Total
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fewer (33) green plants were regenerated with the use o f aging calli and cell suspensions
as target tissues in the present experiment. Concerning fertility o f transgenic plants, only
9 of 33 plants transformed from haploid, anther-derived calli or cell suspensions set seeds
in the greenhouse. Calli aged 6 months or cell suspensions aged over 5 months produced
albinos and sterile plants only. Obviously, primary anther-derived calli or cell
suspensions with minimal subculture time were more suitable for production o f normal
transgenic plants.
4.3.6 Glufosinate resistance and phenotype of RO transgenic plants
All hygromycin-resistant plantlets were able to establish roots in the presence o f 4
mg L'1 bialaphos, indicating these Hygromycin-resistant plants were transgenic plants.
Plants were further transferred to a greenhouse and sprayed with 2000 mg L '1 glufosinate
at the 3- to 4-leaf stage. All plants exhibited resistance which was indicated by fully green
leaves or by only small necrotic or brown spots in the leaves 7 days after glufosinate
application. As shown at Table 4.5, only 9 o f 33 transgenic plants o f LA9502065
appeared morphologically normal and fertile. The remaining 24 plants exhibited
abnormal phenotypes such as sterility and dwarfism. Similarly, only 4 o f 13 RO transgenic
plants o f Line 7845 set seeds; the remaining plants exhibited dark green leaves, twisted
panicles, and sterility. Presumably, the fertile plants were doubled haploids (DH) arising
from haploid cells through spontaneous chromosome doubling, whereas sterile transgenic
plants remained haploid.
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4.3.7 Southern blot hybridization analysis of RO plants for the p a t gene
Integration o f the introduced p a t gene into the genome o f transgenic rice plants
was shown by Southern blot hybridization reaction o f undigested genomic DNA from
three RO plants o f Line 7845 (data not shown). When the genomic DNA were digested
with EcoR I, different hybridization banding patterns were detected among transgenic
plants, indicating they were independent transformed lines.
4.3.8 Segregation of glufosinate resistance in R1 plants
To investigate the homozygosity o f the p a t gene in fertile RO transgenic rice
plants, a progeny test for glufosinate resistance was conducted. As expected, no
segregation o f glufosinate resistance was observed in R1 progeny o f six primary plants
derived from anther calli o f LA9502065 (Table 3.6), indicating that these 6 fertile
transgenic rice plants were doubled haploids and homozygous for the introduced p a t
gene. However, three primary plants displayed segregation ratios o f 15:1 (L2 and L7) or
3:1 (L9) in their progeny, indicating these 3 fertile transgenic plants were heterozygous
for the transgene. Heterozygous integration has been reported from the transformation o f
haploid microspore-derived protoplast o f rice by Chair et al. (1996). The reasons for
heterozygosity in the present study is likely related to the developmental state or polidy
o f target cells at the time o f bombardment or DNA integration. Spontaneous chromosome
doubling could occur in subcultured cells prior to transformation. For example, the
existence o f diploid (1.3-2.4%) and even aneuploid (2.8-7.7%) cells in a haploidpredominated (90.2-95%) population were reported in a maize pollen-derived cell line
(Gu, 1986). The co-existence o f haploid (n=12) and diploid (2n=24) cells at almost
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Table 4.6. Progeny segregation for glufosinate resistance of 9 primary fertile transgenic
plants._____________________________________________________________________
No. o f plants
No. o f plants
No. o f plants
resistant
RO plantt
snraved
susceDtible
Segregation ratio
35
1:0
35
0
LI
45
3
15:1
L2
42
35
1:0
35
0
L3
47
47
1:0
L4
0
54
1:0
54
0
L5
54
1:0
54
0
L6
20
23
3
15:1
L7
24
1:0
25
1
L8
54
3:1
77
23
L9
1:0
0
7845-1
21
21
1:0
26
0
26
7845-2
1:0
30
0
30
7845-3
1:0
24
0
24
7845-4
t L l~ 9 transgenic plants were regenerate from anther-derived calli o f LA9502065;
7845-1~5 transgenic plants were regenerated from anther-derived cell suspensions.

the same frequency in rice pollen calli were also documented by Chen (1986).
Transformation o f those chromosome-doubled cells through derived from haploid cells
could only yield undesired primary transgenic plants hemizygous to transgene. A progeny
test was therefore an essential step to screen out the doubled haploid transgenic rice plant
carrying homozygous transgene. In comparison, no segregation was observed in all R1
progeny lines o f Line 7845 (Table 4.6), indicating that genotype is likely one o f factors
influencing cytogenetic stability o f subcultured cell lines. The present study for the first
time demonstrated that bombardment o f haploid anther-derived calli or cell suspensions
is a rapid and efficient approach for production o f transgenic rice plants.
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CHAPTER 5. SUMMARY A N D CONCLUSIONS
A rapid and efficient bombardment-based transformation system was developed
for production o f transgenic glufosinate resistant elite U.S. rice lines and cultivars.
Mature seed-derived embryogenic calli induced and proliferated in an optimized Cl
medium (Table 2.1) were excellent target tissues to generate transgenic rice plants. The
transformation efficiency, ranging from 5% for LA9502065 to 100% for Cocodrie, was
sufficient for production o f a large quantity o f transgenic rice plants and selection of elite
transgenic lines. Selection o f stable transformants using 50 mg L '1 hygromycin or 4
mg L'1 bialaphos is essential and efficacious for a high transformation efficiency. Without
selection no transgenic rice plant was produced, and reduced selection pressure (25
mg L’1 hygromycin or 2 mg L'1 bialaphos) resulted in low transformation efficiencies and
numerous escapes. All R1 and a majority (67%) o f R2 progeny derived from Cocodrie
and LA9502065 showed Mendelian segregation for glufosinate resistance. Homozygous
transgenic rice lines were recovered based on the homogenous resistance o f R2 progeny
to glufosinate. Field tests o f R3 and R4 progeny o f 150 transgenic lines conducted
recently in the LSU Rice Research Station at Crowley, LA revealed a wide range of
phenotypic variation among transgenic lines in term s o f maturity, plant height, and other
agronomic traits such as seed color. Further field evaluation and selection o f diverse
glufosinate resistant, transgenic elite lines are on-going for their potential use in rice
breeding program.
As an alternative approach to bombardment, a simple but efficient
Agrobacterium-mediated transformation system for elite U.S. rice lines was also
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established using both scutellum- and anther-derived calli as target tissues. On average, a
higher transformation frequency (15%) was obtained with anther-derived calli from both
LA9502065 (105/716) and Cocodrie (94/606), compared with those o f scutellum-derived
calli (10-11%). Callus size rather than cell age significantly affected transformation
frequency. Actively growing, embryogenic calli o f 2-4 mm in size were optimal target
tissues for Agrobacterium infection. Cell suspensions were found not suitable for
Agrobacterium transformation. Careful selection o f embryogenic calli size and
Agrobacterium inoculum is o f critical importance for a routine, reproducible rice
transformation system mediated by Agrobacterium. The optimal density o f inoculum for
the highest transformation frequency (27%) was 1.5 xlO9 cells ml'1with the use o f AB
medium. Southern blot hybridization analysis in conjunction with progeny test o f
transgenic lines indicated that T-DNA o f pTOK233 was stably integrated into rice
genome. A segregation ratio o f 3:1 for hygromycin resistance was observed in the
majority o f transgenic lines. Preliminary field studies demonstrated that transgenic rice
developed by the Agrobacterium approach were relatively uniform in terms o f six major
agronomic traits, including maturity and fecundity. Plot tests should be conducted in the
future to further evaluate field performance o f these transgenic rice lines.
In addition, a novel rice transformation system for rapid recovery o f transgenic
rice plants homozygous for transgenes was established by using haploid anther-derived
calli or cell suspensions as target tissues for particle bombardment. One o f the
prerequisites for production o f fertile double haploid transgenic rice plants was using the
primary anther-derived calli or cell suspensions with minimal subculture time (^ 5
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months) as target tissues. The CHU medium (Chu et al., 1997) proved suitable for callus
induction from anthers o f U.S. elite rice lines. Two osmotic treatments prior to
bombardment dramatically enhanced stable transformation o f rice cell suspensions
derived from anther calli (Table 4.3). More sterile than fertile transgenic rice plants were
obtained from haploid tissues by both bombardment- and Agrobacterium-mediated
transformation. Nevertheless, progeny tests revealed that double haploid transgenic rice
plants homozygous for the p a t gene were generated among the primary transgenic rice
plants. Our research demonstrated for the first time the competence o f anther cultures as
target tissues for particle bombardment- and Agrobacterium-mediated transformation,
though problems o f albinism and sterility o f regenerated plants should be addressed in
future studies to utilize the potential advantages o f anther-derived calli or cell suspensions
as target tissues in routine transformation work.
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